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ABSTRACT 
Investigations have been performed to study the influence 


of 


Nat on thyroidal iodide transport. 

A system consisting of bovine thyroid cells cultured as 
monolayers was employed for the studies. The cells were found to 
actively accumulate iodide but did not bind the transported ion into 
organic moans Iodide transport was augmented when the cells 
were grown in the presence of TSH. 

The process of iodide influx into thyroid-cells was found 
to have a specific and absolute requirement for Nat. The rate of 
iodide influx was proportional to the Nat-concentration of the medium 
from 0 - 150 mM. The rate of iodide influx followed Michaelis-Menten 
kinetics and was characterized by an increase in Ky without a significant 
change in V, when the Nat-concentration of the external medium was 
decreased. 

Studies on the iodide efflux process revealed that it obeyed 
first order kinetics. The presence of Nat in the external medium had 
an inhibitory effect on the rate of iodide efflux. Addition of 
iodide, or anions which ae competitive inhibitors of iodide transport, 
to the external medium abolished such inhibitory effects of Na‘. 

These anions did not modify the rate of iodide efflux when added to 
Nat-free media. 

Metabolic inhibitors and cardiac glycosides abolished net 
iodide transport into thyroid cells, suggesting an important role for 
Nat-Kt-dependent, ouabain-sensitive ATPase in iodide transport. The 
inhibitors had no effect on the rate of iodide influx into thyroid 


cells. However, the rate of iodide efflux was augmented by these 
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agents provided that Nay was present in the medium. This increase 
in rate of efflux was observed after a lag period of 20-25 minutes. 

A kinetic model for iodide transport has been formulated 
in an attempt to explain the experimental observations. The model 
postulates that during transport iodide ion is bound with Na’ to a 


mobile carrier molecule contained in the thyroid cell membrane. 
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CHAPTER I 
INTRODUCTION 

Transport phenomena involve crossing by the metabolite of a 
very specialized part of the cell, the cell or plasma membrane. The 
definition of a cell membrane varies according to the manner of 
investigation, physiologic, anatomic (including electron microscopic), 
or biochemical. However, for the purpose of the present discussion the 
cell membrane may be defined as the external limiting region of the cell» 
which functions as a permeability barrier. Its chemical composition 
varies from cell to cell but consists primarily of lipids (cholesterol 
and phospholipids) and proteins. It is about 75-100 A® thick 
(Robertson, 1964). Various techniques of investigation (e.g., electron 
microscopy, X-ray crystallography, etc.) have suggested a definite 
structural arrangement of its components. As an approximation it can 
be described as a lipid bilayer (Davson ae Danielli, 1952; Robertson, 
1959) with hydrophobic chains located at the centre and polar groups 
directed outwards. The protein component coats each surface of the 
lipid bilayer. Various specialized areas of membrane may well exist. 
For example, in some regions protein pores and plugs may traverse the 
membrane forming a continuous non-lipid region from one face of the 
membrane to the other. Simplified models such as these, however, ignore 
the dynamic structural arrangement of the membrane constituents which 
may undergo rapid turnover and reversible changes, possibly corresponding 
to phase transitions. 

Since the cell membrane is lipoprotein in nature with a 
hydrophobic interior, it presents a major barrier towards the movements 


of most metabolites (e.g., ions, sugars, amino-acids, etc.) which 
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exist in aqueous solution on either side of the membrane. Permeation 
of such a structure by water-soluble substances would involve breaking 
of hydrogen bonds, which had formed between these substances and water 
molecules in solution, and then diffusion through the lattice formed 
by the hydrocarbon chains in the membrane. Transport would thus be 
affected by such factors as molecular size (or weight) of the permeants, 
and their ability to form hydrogen and dvesnenee bonds. The 
experimental diffusion rates found for many compounds have been 
consistent with such factors (Stein, 1967, pp. 74-77). It is also 
possible that penetration of the membrane by water and certain ions 
may occur in part through water-filled pores extending through the 
lipid bilayer. 
Be Mechanisms of Specific Transport 

Living membranes exhibit a much higher degree of specificity 
in response to various permeants than they would if they consisted 
solely of a lipid bilayer. Thus membrane permeation rates for a wide 
range of substances have been found to be appreciably higher and have 
shown a higher degree of specificity towards the particular substrate 
than would be expected on the basis of the properties discussed above, 
e.g., molecular weight, bonding abilities, etc. The types of transport 
that have been described for such systems include such diverse 
processes as facilitated diffusion, which involves movement of substrate 
along its electrochemical gradient without expenditure of cellular 


energy; "downhill active transport,' which is similar to facilitated 


diffusion except for a requirement for cellular energy; and finally, 


t 


"active transport," which involves movement of a substrate against its 


electrochemical gradient at the expense of cellular energy. For each 
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of these processes various specific transport mechanisms involving the 
cell membrane have been postulated. 
Bn Pore Models 

The various pore models advanced to explain specific transport 
processes assume that small hydrophilic regions exist in the membrane 
extending from interface to interface. Substrates would diffuse 
through these regions rather than between the hydrophobic side chains 
of the lipid molecules. Specificity of transport in such a system 
would depend on the specific binding properties of enzyme-like proteins 
which line and form the pore. In addition, some models postulate 
substrate-induced variations in pore diameter to explain the different 
rates of transport discussed for various substances. Because simple 
pore models cannot account for such phenomena as exchange diffusion 
and counterflow (Stein, 1967, pp. ricotta unidirectional pores have 
been postulated. However, even unidirectional pores do not account 
for the action of non-penetrating inhibitors (which block both influx 
and efflux) or the phenomenon of accelerative exchange diffusion (Stein, 
1967, p.- 150). On the whole, pore models have not gained wide acceptance. 

a Mobile Carrier Models 

The mobile carrier models, proposed to explain specific 
transport processes, imply existence of a hypothetical carrier molecule 
in the cell membrane. The carrier forms a complex with the substrate, 
the whole complex then diffusing across the membrane (Willbrandt and 
Rosenberg, 1961). According to this hypothesis, the final carrier- 
substrate complex must translocate. The intermediate forms, and the 
free carrier itself, however, may not be able to translocate, or may 
do so at different rates. The substrate alone would permeate at a 


negligible rate when not combined with the carrier. The carrier- 
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substrate interaction may be catalyzed by a specific enzyme, present at 
one or both surfaces of the membrane. Alternatively, the carrier 
molecule might itself possess such catalytic properties. The latter 
possibility is doubtful in view of the small size which the carrier 
presumably would have in order to diffuse through the membrane at an 
appreciable rate. In spite of some deficiencies, the carrier 
hypothesis is probably the most acceptable one available at present. 

8% Specialized Transport Systems 

Existence of specialized transport systems has been postulated 

(Kleinzeller and Kotyk, 1961) and transport models based on these have 
been advanced. In such systems lipoproteins are postulated to be 
firmly anchored to the cell membrane. These proteins possess a 
hydrophilic interior and an outer shell of hydrophobic groups, a direct 
contrast to the usual structure of globular proteins. The substrate 
moves by simple thermal diffusion through the protein plug to its 
hydrophilic interior. It is postulated that the specific substrate 
then combines with an active centre in the protein which undergoes a 
conformational change and initiates the movement of the substrate- 
active centre complex towards the opposite face of the membrane. When 
chemical equilibrium is again established with the medium on the 
opposite face, the complex dissociates and the substrate diffuses 
through the protein plug to the aqueous phase. The active centre, 
freed of the substrate, returns to its previous conformation. Such 
models utilize the concept of substrate-induced conformational changes 
in an enzyme (Koshland, 1960). They have provided a reasonable explan- 
ation for the mechanism of action of both facilitated diffusion and 


cotransport (discussed below) processes. 














7 ; SITY ions » oi Bagel a tA. e@ Toe rotsontsent stegaandue 


{- Tl torres DA se Fito od oO acon T TUS. iad 36 26. 


s wh ow) -egl + + pos AAD iG apeoae hie adote slusetom 2 


“3 Lame ois ‘ iy pt fitadyvotb. al vatlidimaag & 


~ il 
Favir’ ‘Jo wtiqa odes sidabuee 7.’ 


scott (Linde eb slesddogngly i 


£ 
x hes | > aD y ei ak 
aie. f5 
fc. t « she ore. 
1 DP Te regs 
' A ‘ mee She Pat 
rh “sf ae 4 
Lai oa ; Hae: a 
pPEIA LE 
“eae wy Fgh: Gans e bai 
mi 7 y Hn ese ‘ 
i) asz gars noo treated 
a Tie mh sf2" Lo peas } ae amy Loe > oaks ere a 


ens, @0 Uuittew oa Asi uaaneres Ge tiesn vel mp deae teal 


abil shale ops ban | asnpizousil vetastons sage} 
wa ot 






- — 
\* ’ 
= 


- Tne : 





Be Role of Nat Ion in Transport Processes 


While there is a great deal of uncertainty concerning the 
mechanism of specific transport processes, an important advance in this 
area of knowledge has occurred in recent years with the recognition of 
the important role played by sodium ion in the cellular transport of 
many substrates. A number of recent studies clearly demonstrated that 
. the presence of Na’ in the external medium stimulated the active 
transport of many substrates, often to a marked degree. Such effects 
of Nat were noted as early as 1902 when Reid suggested that Na’ was a 
stimulant of glucose absorption in the small intestine. The more 
recent studies began in 1958 when Riklis and Quastel demonstrated that 
the absorption of glucose by guinea pig smallintestine was markedly 
dependent on the presence of New in the solution bathing the mucosal 
surface. In the years following, Nau-dependence has been reported for 
the transport of a number of metabolites in a wide variety of tissues. 
Though to date most emphasis has been on the role of Nae other cations, 
notably potassium, also have been found to influence the transport of 
various metabolites. However, the effect of such ions is not yet as 
well defined as that of Na’; indeed in some cases it appears to be 
minimal. 

Na‘-dependent transport processes are of widespread 
occurrence in nature, not only in vertebrates, e.g., mammals, birds, 
fish, amphibians, etc., but also in many lower forms. Sugar absorption 
by the small intestine of sea cucumber (Holothurian) Thyone depends on 
nai (Farmanfarmaian, 1968), and similar effects of nar have been 
reported for the uptake of glycine across the body wall of aquatic 


annelids (Stephens, 1964). A marine bacterium, Pseudomonad B-16, has 
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been shown to exhibit Na’-dependent glucuronate uptake (Payne, 1960). 
Na’-dependent metabolite uptake has been reported also for marine fungi 
(Siegenthaler et al, 1967) and algae (Sistrom, 1960). On the other 
hand, with a few exceptions, most terrestrial bacteria do not show such 
Na‘-dependent transport processes. 

The influence of Na’ on the transport of various mono- 
saccharides in mammalian tissue has been the subject of extensive studies. 
Na’ —dependence has been observed in epithelial tissues, e.@g., small 
intestine and kidney, and in the choroid plexus of dogs. In all cases 
these tissues were capable of concentrating sugars against an 
electrochemical gradient, i.e., they exhibited active transport. In 
other systems where sugars entered cells down an electrochemical 
gradient by the process of facilitated diffusion, as in striated muscle, 
no effect of external Man was observed (Parrish et al, 1964). So far 
Na? has been implicated in all processes capable of bringing about 
transport of sugars across animal cell membrane against concentration 
differences. The only exception to this generalization has been the 
uptake of 2-deoxy-D-glucose and 2-deoxy-D-galactose against concentration 
differences by rabbit kidney cortex slices; these have been found to be 
independent of the concentration of Na’ in the external medium 
(Kleinzeller et al, 1967a and 1967b). 

The transport of amino acids by various mammalian tissues is 
another system that has been extensively investigated with respect to 
Garren dence In contrast to the limited number of tissues which 
exhibit Na’ -dependent sugar transport, amino acid transport has been 
observed to be Na‘'-dependent in a wide variety of tissues, both 


epithelial and non-epithelial including small intestine, kidney, striated 
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muscle, brain, Ehrlich ascites cells, and red blood cells. In some cells 
the Na “dependent transport of amino acids has been found even in 
isolated organelles such as nuclei and mitochondria. In each case, 
the fe Stependent process was capable of bringing about amino acid 
transport against a concentration difference which suggested that the 
important factor in determining Na’ dependence ‘was the nature of the 
transport process rather than the nature of the tissue or the cell. 
Such dependence was not observed if amino acid entry took place by a 
process of facilitated diffusion, as in the case of glycine and alanine 
uptake by mature rabbit erythrocytes (Wheeler and Christensen, 1967b). 
However, all “uphill'' amino acid transport may not be eedependent: 
Thus lysine accumulation by ascites cells (Christensen and Liang, 1966) 
and by epithelial cells of the toad bladder (Thier, 1968) were reported 
to be independent of extracellular tae Another factor which may 
determine whether the transport of an amino acid is Natodenendent seems 
to be the charge on the amino acid. The anionic amino acids have the 
greatest Navedependence: the cationic ones the least, while neutral 
amino acids exhibit intermediate dependence (Schultz, 1969). 
Nattdepeadence has been detected in a few other transport 
systems in mammalian tissues. Transport of ascorbic acid, creatinine, 
thiamine and acetate into brain cells has been found to be Nee 
dependent (Quastel, 1965). Furthermore, the transport of uric acid, 
myoinositol, p-amino hippurate and Cake into kidney cells has been 
reported to be Na -dependent (Berndt and Beechwood, 1965; Hauser, 1969, 
Vogel et al, 1965; Vogel and Stoeckert, 1967). Observations suggesting 
similar dependence have also been made for the transport of sulphate, 


uracil, phosphate, ca‘? and bile salts in the small intestine (Anast 
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et al, 1965; Csaky, 1961; Harrison and Harrison, 1963; Holt, 1964; 
Martin and DeLuca, 1968). 

All recognized Na’ -dependent transport processes have several 
common features. A decrease in the Na’-concentration of the extracellular 
medium is associated with a reduction in both net transport and influx 
of the metabolite concerned. Na’ “dependence may be absolute in some 
cases with no active transport occurring in the absence of aon In 
any case it is generally specific in nature, and in most situations 
other monovalent ions such as aie tie Ree Tiel. NH,’ enone or 
neutral molecules such as mannitol and sucrose exhibit little or no 
activity when substituted for Na’. Also, wherever it has been examined, 
entry of the metabolite into the cell has been found to be accompanied 
by an additional entry of Na" into the cell in a definite stoichiometric 
ratio. Examples of this include alanine entry into rabbit small 
intestine (Curran et al, 1967) and glycine entry into pigeon red blood 
cells (Wheeler and Christensen, 1967a). 

Such observations have given rise to the ahi Of co= 
transport. According to this theory, metabolites become associated with 
ne in some step or steps of their transport, with the result that 
both species are transported together into the cell. The phenomenon of 
cotransport may be well explained by certain mobile carrier models 
if the assumption is made that the carrier molecule combines with both 
Nat and the metabolite, and that the resulting ternary complex crosses 
the membrane. 

Cc. The Na’ Gradient Hypothesis 
The finding that many active cellular transport processes 


are Na dependent. when considered in the light of the well-known 
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asymmetric distribution of sodium across animal cell membranes, led to 
the suggestion that Na~ asymmetry itself might provide the energy 
required for the observed active transport of other solutes. Riggs, 
Walker and Christensen (1958) first suggested such a role for Nau 
asymmetry. In addition, they regarded ee asymmetry across the cell 
membrane as another possible energy source. Crane (1962) proposed the 
ln —pradient hypothesis" as a mechanism for active sugar transport in 
the small intestine, and this concept was later extended to other Na‘- 
dependent transport systems. This hypothesis is based on the assumption 
that movement of solute from one side of the membrane is influenced 
by the Nat concentration on the same side. Thus influx of the solute 
into the cell will be dependent on the extracellular Na‘ —concentration, 
and similarly efflux of the solute will be dependent on the local Na’ 
concentration on the inner side of Paerentan Since the intracellular 
Na’ concentration is normally considerably lower than the extracellular 
concentration, influx will exceed efflux, resulting in the accumulation 
of the solute against a concentration difference. Thus, as long as 
asymmetry of Nap distribution is maintained, this potential energy 
source would be available for the active transport of any solute whose 
bidirectional movements are influenced by the local Nat concentration. 
It must be emphasized that the contribution of coupled trans- 
port to the overall movement of Na’ across the cell membrane is only a 
small fraction of the total. Most of the Na’ movements across the cell 
membrane occur independently, perhaps by a combination of leak into 
the cell and active transport fae so-called Neeroune) out of the cell 
(Tosteson and Hoffman, 1960). The former follows the concentration 


gradient of Na’ and is perhaps "passive". The latter involves the 
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Nae Sdependent® ouabain - sensitive adenosine triphosphatase (ATPase), 
a membrane-bound enzyme, which exchanges extracellular KT for 
intracellular Ney Because operation of the Tanne requires ATP, 
the maintenance of the Na —gradient across the cell membrane is energy 
dependent. However, according to the sodium gradient hypothesis, no 
direct link between metabolic energy and molars transport would be 
necessary. Instead, the metabolic energy would be invested in the 
active Nae ererneton mechanism (i.e., in the operation of the "sodium 
pump"), and the resulting low intracellular Nat concentration would 
serve as a transducer of this energy input for other transport purposes. 

Such an arrangement would be of obvious advantage to the 
energy economy of the cell. Without such coupling, only a fraction of 
the energy of the exergonic chemical reaction (i.e., ATP hydrolysis) 
would be converted to useful osmotic work (i.e., transport of Na’ 
against electrochemical gradient), and the rest would be dissipated in 
the form of increased internal entropy. The coupling mechanism would 
permit the downhill flow of Na’ into the cell to provide the driving 
force for the transport of other solutes against their respective 
electrochemical gradients. Thus the amount of useful work obtained per 
mole of Na’ transported would be significantly increased. Without such 
a coupling mechanism, each individual active transport process would 
have to be linked to exergonic chemical reactions which would decrease 
the overall efficiency with which chemical energy was converted to 
osmotic work (i.e., the work of.transport). 

There has been abundant experimental evidence in support of 
the sodium gradient hypothesis. Thus the diminution of net transport 


and of influx of various solutes caused by a reduction of extracellular 


Ou 











tf aCe i Ys mczonebe Wit lenes - aisitaye » Taebroygbbe ; 

| { 

p 4m a 

. iulieubyaes 2ageet sa Siow . swe oe ‘a 

I / B28 e7 ij j iy ay Er i IiMeAaAGTOGO BIG » elf ‘ re salut: 
43: 226 , -~ af sila to ee 

ay; . 204 ,YovewoH . da 

vasuaead gall 4s5 


Dees ani aren)». 


ae, , i 
m wiles 


Sad 


f i ‘ere 52O729 
7 a 
re ee woke [7 i \i- 
2 
vos 


/ 6 wel "| betes) ef4 Di i 








Se% 


aay ’ mo ato, J epi To apie cle it), Sieber Eestadyine 


Semmes: is ~byane4 


6 tui cl Atoesnsss ods 






“14 a hd gary bee eis "me te £ 


etude a Al eyciow Lah att ‘ihn 3 at ieilpem wittouie 8: ‘a 


ahh ab Re fT Dy 





~ ie 


ane 


Na’ concentration, examples of which have been given in the previous 
sections, confirms the predictions of the hypothesis. However, the most 
striking verification of the hypothesis came from the work of Vidaver 
(1964) who studied a system consisting of lysed, and subsequently 
restored, pigeon red blood cells, the latter having been prepared with 
solutions of varying Na’ and glycine concentrations. In this system 
it was possible to adjust the intracellular concentrations of Na’ and 
glycine as required and to avoid problems arising out of intracellular 
compartmentation. After suspension of these cells in various media, 
Vidaver clearly demonstrated that the direction of net transport of 
glycine was determined, not by intracellular or extracellular Tey 
concentration alone, but by the difference between the two. A study 

of the effect of various metabolic inhibitors (e.g., NaCN, 2,4-dinitrophenol) 
and cardiac glycosides (e.g., ouabain) on the Na-dependent transport 
processes has led to further support of the sodium-gradient hypothesis. 
The metabolic inhibitors are known to abolish ATP production and thus 
render the "sodium pump" ineffective. Ouabain achieves the same 

result by its direct inhibition of active Na’-extrusion. The result, 
in both cases, is a failure of the active ee extrusion mechanism which 
secondarily produces a gradual rise in the intracellular concentration 
of Nat due to the continuing passive "leak" of Na’ into the cell from 
the external medium. This, according to the hypothesis, would increase 
the rate of efflux of any solute which shows Na‘ -dependent transport 
and would lead, as a result, to a decrease in net transport of the 
solute. The predictions have been amply verified experimentally. Thus 
alanine efflux across the brush border of ileum has been shown to be 


stimulated by ouabain on direct measurement (Hajjar et al, 1970). In 
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another system glycine efflux from ascites cells also was shown to be 
accelerated by ouabain (Eddy, 1967). The effect of ouabain was generally 
found to occur only following a lag period, which would be expected 
because the rise in the intracellular concentration of Nat due to the 
"leak" would be quite gradual. 
D. Role of Nat in Iodide Transport 

The role of Nat in the active transport of iodide by the 
thyroid gland has been the subject of a number of studies. These have 
suggested a significant involvement of Nat though the precise mechanism 
remains unclear. Alexander and Wolff (1964) found that the equilibrium 
ratio of iodide (tissue/medium) in sheep thyroid slices increased 
linearly when the Nat concentration of the medium ee raised from 
0 tc 170 mM. Shishiba and Solomon (1967) showed that amphotericin B, 
a membrane active agent, increased the concentration of Nat and 
concomitantly reduced the concentration of KT by bovine thyroid slices, 
and that this was accompanied by a decrease in the tissue/medium ratio 
for iodide. Wolff and Maurey (1958) demonstrated virtually complete 
inhibition of thyroidal iodide concentration with various cardiac 
glycosides including ouabain; this finding was confirmed by other 
investigators (Lee and Ingbar, 1965). Wolff and Halmi (1963) showed 
that there was a correspondence between the iodide transport activity 
and the Na*-Kt-dependent, ouabain-sensitive ATPase activity of whole 
homogenates or subcellular fractions prepared from thyroids of 
different species. They concluded that enzyme activity was connected 
indirectly with transport activity. Turkington (1962) reported the 
stimulation of such enzyme activity in an isolated thyroid cell 


membrane preparation by thyroid-stimulating hormone (TSH) an 
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agent that also stimulates iodide transport activity. Iff and Willbrandt 
(1963) showed that depletion of Na’ from the external medium increased 
iodide efflux from beef thyroid slices. Addition of ouabain to the 
medium had a similar effect except that the increased efflux occurred 
after a lag period. Scranton and Halmi (1965) also observed an increased 
iodide efflux from rat thyroid lobes on addition of ouabain to the 
medium. From such observations it has become apparent that Na’ plays 
an important role in thyroidal active iodide transport, and that the 
process involves in some way the feo 20) eee ouabain-sensitive 
ATPase activity of the tissue. However, it has not been established 
whether Na’ influences net iodide transport by its effect on influx 
or efflux or both. 

A major difficulty in using thyroid tissue for investigation 
of iodide transport, by methods EES in other systems, has been the 
structural complexity of the thyroid gland. The gland is composed of 
a number of follicles, each of which consists of a central space occupied 
by a colloid-like material surrounded by a single layer of thyroid 
epithelial cells. Since the cells separate the colloid space from the 
extracellular space, they possess a polarity, one cell membrane (the 
basal) facing the extracellular space and the other (the apical) facing 
the colloid space. Influx of iodide into the colloid spaces of the 
gland thus involves crossing of both these membranes in series by the 
extracellular iodide which is derived from the circulating iodide pool. 
Efflux of iodide from the gland involves a retracing of this pathway in 
the reverse direction. Thyroidal iodide transport in the intact gland 
is thus transcellular. This complexity makes experimental data, 


especially those derived from kinetic studies, difficult to analyze 
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because the respective contributions of the two membranes are not known 
although the basal membrane has generally been considered as the one 
primarily involved in active transport. In addition, technical 
difficulties prevent a separate determination of the iodide concentrations 
of the cells and the colloid space. 

The foregoing difficulties associated with the use of the 
intact thyroid gland as an experimental system were circumvented in 
the present investigation by the utilization of cultured thyroid cells. 
Such cells retain their biological functions during growth and have 
been used for transport studies in several recent investigations 
(Chapter III). Cultured cells are non-polar and are arranged in a 
two-dimensional array. Iodide movements occur across a single membrane 
in these cells and are thus transmembrane rather than transcellular. 
Measurements of iodide influx and efflux in such systems are comparatively 
simple, and the interpretation of the resultant data is relatively 
straightforward. The initial objective of the present study was to 
develop a system of thyroid cells in tissue culture, which would be 
functional at least with respect to active iodide transport properties. 
Furthermore, it was necessary to establish that the properties of the 
transport system exhibited by the cells should be basically equivalent 
to those seen in the gland tn vivo. 

The present thesis describes experiments which were performed 
to establish a suitable thyroid cell culture system possessing the 
characteristics mentioned above. Studies were undertaken using the 
thyroid cell cultures to elucidate the effect of extracellular Naw on 
the rate of influx of iodide into thyroid cells. The effect of 


extracellular Mou on the rate of efflux of iodide from such cells was 
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then investigated. Further studies were undertaken to determine how 

the effect of Na’ on iodide influx and efflux was modified by competitive 
inhibitors of iodide transport, metabolic inhibitors and cardiac 
glycosides. Finally, a model of iodide transport has been postulated 

in an Senne to explain on a molecular basis the data obtained from 


the various studies. 
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CHAPTER II 
THE PREPARATION OF THYROID CELLS IN MONOLAYER CULTURE 
A. Introduction 

Establishment of a thyroid cell culture system in which the 
cells have lost their follicular arrangement but are still functional, 
at least with respect to active iodide transport, was the initial object 
of the present investigation. The frequent use of monolayer cultures 
of thyroid cells has provided considerable information on the properties 
of such cultures (the literature pertaining to this subject is reviewed 
in the next chapter). On the other hand, reports which describe 
retention of functional characteristics by other forms of culture have 
been infrequent. These initial considerations led to the choice of a 
monolayer culture system for the present studies. Bovine thyroid 
tissue was selected in view of its availability, even though the 
literature contained no reports at that time about the functional 
properties of a bovine thyroid monolayer system. 

The culture procedure involved two main steps: 

(i) Disaggregation of thyroid tissue to obtain a cell suspension. 
(ii) Culture of the isolated cells in a suitable medium on a glass 
or plastic surface. 

Disaggregation was achieved by physical disruption of the 
tissue by chopping to a fine size (2 mm x 2 mm) after which trypsin was 
used to digest the intercellular material. Such enzymatic disaggregation 
has been achieved by others using trypsin, pancreatin, collagenase and 
papain (Rinaldini, 1958; Siegel, 1971), either alone or in combination. 
An alternative, non-enzymatic mode of tissue disaggregation in common 


use involves chelating agents, such as EDTA, which remove divalent 
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cations which seem to be essential for maintaining the integrity of 

the tissue. However, as is generally true of tissues which have a 
low-fibrous content, use of trypsin alone proved to be adequate for the 
disaggregation of thyroid tissue. 

The trypsinization of thyroid tissue was carried out by a 
continuous technique, first described for kidney tissue (Rappaport, 
1956) and later adapted for thyroid tissue (Tong et al, 1962). This 
involved exposing the tissue to a continuous flow of fresh trypsin 
solution while at the same time an equal volume of cell suspension was 
being withdrawn from the reaction vessel to a reservoir where trypsin 
action was terminated. This ensured that newly isolated cells did not 
remain in the reaction vessel for long, and thereby minimized cell 
damage due to prolonged exposure to trypsin. The continuous technique, 
besides ensuring minimal cell damage, possessed the further advantages 
of being relatively simple from a technical standpoint and also capable 
of handling large amounts of tissue. 

Bi Materials 
iL. Earle's Balanced Salt Solution (BSS) 


This solution had the following composition (in grams per liter): 


NaCl 6.80 
KCl 0.40 
CaCl, 0.20 
MgSO, .7H20 0.10 
NaH»P0, .H70 0.125 
Glucose 1.00 
NaHC03 2220 


Distilled water to 1000 c.c. 


The final pH of the solution was 7.4 
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2s Trypsinizing Solution 


This was a 0.252% solution of 1:250 trypsin (Difco Laboratories) 
in Earle's BSS, adjusted to pH 7.8 by the addition of a few drops of 
7 NNaOH. The solution also contained 100 units/ml of penicillin G and 
100 ug/ml of Streptomycin sulphate, both purchased from Glaxo- 
Allenburys. 

os Culture Medium 
This was prepared as follows: 
Eagle's Minimum Essential Medium 100 ml 


(Eagle, 1959) 


Glutamine (200 mM) 1 ml 

Fetal Calf Serum 20 ml 
Penicillin G 100 units/ml 
Streptomycin Sulphate 100 ug/ml 
Mycostatin (Squibb) 20 units/ml 


With the exception of mycostatin, all other reagents were purchased 
from Baltimore Biological Laboratories. Penicillin and streptomycin 
were supplied together as a lyophilized mixture. The final pH of the 
medium was 7.4. When indicated, 70 milliunits of TSH (Nordic 
Biochemicals) were added to the medium. 
4, Bromsulphthalein Reagent 
The composition was: 
Bromsulphthalein (5%) 1 ml 
(BDH Pharmaceuticals) 
1 N HCl 100 ml 
Pee lLinicsackd 50 ml 


Distilled water to 250 ml 
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ae Teen ahi sine Flask (Tong et al, 1962) 

This was a modified Erlenmeyer flask (1 liter capacity) with 
three longitudinal indentations at the sides designed to promote 
turbulence when the contents were stirred by a magnetic stirrer. The 
outlet was at the side of the flask. A perforated disc at this outlet 
prevented large particles from passing on to the rails Giles. ol). 

6. Tubing 
Tubing for connections was made of pure gum rubber. 
We Culture Vessels 

These were either 250 ml capacity plastic culture bottles 
(Falcon Plastics) or short Leighton tubes (Bellco Glass, Inc.) 
accommodating 9 mm x 35 mm glass coverslips (Bellco Glass, Inc.). 

So: Sterilization 

The balanced salt solution and all apparatus were sterilized 
by autoclaving at 275°F for 40 minutes under a steam pressure of 20 lbs. 
per square inch. 

C. Methods 
1. Disaggregation of Thyroid Tissue into Isolated Cells 
(i) Fresh bovine thyroid glands, obtained from local abbatoirs, 
were collected in Earle's BSS in polyethylene bags cooled 

in crushed ice. 

(ii) At the laboratory, the glands were trimmed of extraneous 
tissue, cut with a pair of scissors into small pieces 

(1 cm x 1 cm), rinsed several times in Earle's BSS and 

finally minced to 2 mm x 2 mm (approximately) pieces using 

a mechanical tissue chopper of the McIiwain-Buddle type 


(McIlwain and Buddle, 1953). Chopping was done in a cold 
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room at 4°C. Sterile technique was introduced at this step 
and maintained during the succeeding steps. The process 


required approximately two hours from the time of collection 


-of tissue to the time the mincing was completed. 


Trypsinization was carried out in the apparatus shown in 

Fig. 2.1. Approximately 50 grams of minced thyroid tissue 
were suspended in 150-200 ml of trypsin solution in the 
trypsinizing flask B. The suspension was stirred continuously 
by a silicone-covered magnet. Fresh trypsin solution from 
flask A (2000 ml capacity), warmed to 37°C by a heating 
mantle, was introduced continuously and dropwise into the 
trypsinizing flask by siphon action, the rate being controlled 
by a pinch-cock on the rubber tubing connecting flasks A and B. 
The magnet speed was adjusted to cause slight cavitation but 
no foaming at the surface of the fluid. 

The effluent from vessel B, which contained the isolated cells 
in suspension, was collected in a reservoir consisting of a 
4-liter bottle C. The reservoir, which initially contained 
200 ml of calf serum, was cooled in crushed ice throughout 

the procedure. The serum, which has considerable antitryptic 
activity, as well as the cooling, served to arrest any 
continuing trypsin action in the fluid collected in the 
reservoir. The drainage from flask B to reservoir C was also 
continuous, and its rate was controlled by regulating the rate 
of inflow of trypsin solution into the flask B. 

Continuous trypsinization of the minced thyroid tissue was 


carried on for approximately five hours during which time the 





4 
- 
44 - 
1 
PA 
1 
» 
ia 
~~ 2 P. 
. i 
’ < 
- > = 
an re 
= ts 
* ‘ 
y - Sts 
~ ae 
— . 
4 a 
in - - Ay 
* 
j oy 5 
; ; 
4 
% 
vr a 
Pr 
bs ; = oo at 
Di ee ce te 
" 
- ‘ 


a ars 


Figure 2.1._ 


fs ORS een 


Apparatus for trypsinization of thyroid tissue. . 
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tissue was exposed to 3-3.5 liters of trypsin solution. During 
the first two hours the cell content of the effluent from 
flask B was low, but thereafter it increased appreciably. By 
the end of five hours the reaction flask contained mainly 
masses of disorganized, fibrous tissue. 

The fluid from reservoir C was filtered successively through 
28-, 60- and 150-mesh stainless steel sieves and was then 
centrifuged at 4°C at 150 x g for 10 minutes. This yielded 
approximately 1 ml of cells as a pellet. Such low yields 
were not unexpected in view of the follicular architecture of 
thyroid tissue, in which cellular Bienen constitute only 

a small proportion of the total tissue mass. The cell pellet 
was resuspended in Earle's BSS and recentrifuged as before. 
This washing step served to eliminate most of the adherent 


trypsin solution. 


GuleuremoreGetss 


Cells obtained as described above were suspended in 60-80 ml 


culture medium to yield approximately 10© cells/ml. Microscopic 


examination of the suspension showed that most of the cells were present 


as single cells or as small aggregates of 2-6 cells. The cell suspension 


was then transferred to culture flasks (15 ml per flask) or Leighton 


tubes bearing coverslips (1.5 ml per tube) which were then incubated at 


36°C after the vessels has been tightly capped. After 12-16 hours most 


of the cells had attached to the surface. At this time the supernatant 


medium containing dead or damaged cells, red blood cells and cellular 


debris, all of which may be toxic to the surviving cells, was discarded 


and fresh medium was introduced. Thereafter the medium was changed 
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every 3-4 days. 

It was found that if the culture flasks were tightly capped 
to retain the carbon dioxide liberated by cellular metabolism, gassing 
of the culture system by 95% oxygen - 5% carbon dioxide mixture was 
not necessary (Paul, 1970, p. 57). 

Sy Suspension of Cells Grown in Monolayer Culture 
The cells which had been grown as monolayer cultures were 

suspended by one of two methods: 

(i) Gentle scraping with a rubber "policeman". The resulting 
flakes were then gently sucked up and down a pipette a few 
times in order to break them up. 

(ia) ee incubation=with Osl, trypsin in Earle's BSS for 5 minutes, 
followed by incubation in Cie ree BSS for approximately 

30-45 minutes at 37°C. 

ue Cell Counting 
The suspended cells were counted in a hemocytometer (Neubauer 

type) without any further dilution and without staining. 

5. Staining 
For morphological studies the monolayers or coverslips were 

stained with a standard hematoxylin-eosin stain. In such preparations 
the nuclei were stained blue while the cytoplasm appeared red (plates 
Plead ee 2) « 

6. Estimatiom-of Cell Proteins (Paul, 1970, p. 356) 

Coverslips with adherent cells were incubated at 37°C for one 
hour with 1 ml of 1 N NaOH to digest the cells (2 ml of NaOH were used 
when the cells had been grown in the presence of TSH and so contained 


larger amounts of protein). 2.5 ml of bromsulphthalein reagent was 
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added to 1 ml of the digest and the mixture, after thorough shaking, was 
centrifuged for 10 minutes at room temperature at top speed in a clinical 
centrifuge. Seven ml of 0.1 N NaOH was then added to 0.5 ml of the 
supernatant in a separate acy tube; after mixing the optical density 
was read at 580 mu in a Beckman (Kintrac VII) spectrophotometer. The 
decrease in optical density from that obtained for a protein-free 
solution was proportional to the amount of protein in the sample. A 
standard curve was prepared using known amounts of protein standard 
solution (Armour Pharmaceutical Co.), which was a solution of crystalline 
bovine albumin containing 10 mg protein nitrogen per ml. The curve was 
linear over the range of 10-100 ug protein. When required, the same 
method was used for the determination of protein in specimens other than 
cells grown on coverslips. 
D. Results and Discussion 
ah Formation of a Cellular Monolayer 

Usually the thyroid cells, which had been obtained by the 
continuous trypsinization of bovine tissue, were found to have attached 
to the surface in about 12 hours. By the second day of incubation the 
attached cells had assumed an elongated shape which marked the beginning 
of the stage of proliferative growth. As growth continued the cells 
formed islands which ultimately became confluent forming one continuous 
sheet of cells. The time required to form a complete monolayer depended 
on various factors, the most important of which appeared to be the density 
of the cells in the inoculum and the percentage of cells which were viable 
initially. The latter was estimated to be 50-60% as determined by 
measuring the proportion of cells of the inoculum that excluded trypan 


blue stain (Paul, 1970, p. 356). In most cases a complete monolayer 
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formed in 4-5 days. The addition of TSH demonstrably hastened the process 
of monolayer formation. 
oe Appearance of the Monolayers 

The monolayers appeared to be composed exclusively of epithelial- 
type cells of uniform appearance (plates 2.1 and 2.2). Each cell had 
abundant cytoplasm with a centrally placed round a oval nucleus with 
2-4 nucleoli. No evidence of follicle formation or of any other type 
of special grouping was seen. The appearance of the monolayer was the 
same in both TSH-treated and untreated cultures. The cells were 
maintained as primary cultures for as long as four weeks during which 
time the medium was changed twice a week. Throughout the four-week period 
the morphology of the cells did not appear to change significantly, and 
there was only minimal desquamation of cells from the surface. 

Follicle formation in thyroid monolayer cultures had been 
reported frequently. Some investigators (Siegel, 1971; Malette and 
Anthony, 1966) have reported it in cultures grown both with and without 
TSH, while others (Kerkof et al, 1964a; Lissitzky et al, 1971) have 
reported it only if TSH, dibutyryl cyclic 3',5'-adenosine monophosphate 
or theophylline was added to the culture medium. Lack of follicle 
formation in the present culture system may be related to the partial 
loss of differentiated function of the cultured cells which will be 
described in the following chapter. 

Je Effect of TSH on Cellular Multiplication 

The results which are summarized in Table I were obtained by 
using a single population of trypsinized thyroid cells for the inoculation 
of two groups of culture tubes. In one group 70 mU/ml of TSH was added 


to the culture medium, while the second group without such additions 
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TABLE 2.1 


Effect of TSH on Number and Protein Content 
ofp Lnyroeids Cells ain Culture 


Oe ———— ae 


A. Amount of B. Protein C. Number of 

Protein Per Content Cells Per 

Coverslip Per Cell Coverslip 

Type of Cells (ug) (ng) (x 107+) 
cnr nT: eae ee ee 
1. Control 121 + 16 Oe8eute0. 025 1357 
thyroid cells 

2. TSH-grown celis 263 223 0-94 4:02.02 21.9 


oe a= aE 


Thyroid cells were grown for 5 days as monolayer cultures with or 
without the addition of TSH to the medium (see text). One-half of 
each group of cells was used for the determination of the average 
protein content per cell. For this analysis the thyroid cells were 
suspended by the use of 0.1% trypsin, followed by Catt-Mgtt-free BSS 
as described in the text. After the cells were counted, an aliquot of 
the suspension was centrifuged and its protein content was determined in 
the usual manner. These data enabled the calculation of the results 
presented in Column B. The remaining one-half of each group of cells was 
used for the determination of the total protein per coverslip (Column A). 


*Obtained by dividing the value in Column A by that in Column B. 


**Mean of 4 determinations + SEM. 
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served as control. After 5 days of growth, the average amount of 

protein recovered per coverslip was more than doubled in the TSH-treated 
group. However, the amount of protein per cell did not differ markedly 
between the two groups. The results suggested that the presence of 

TSH in the culture medium stimulated multiplication of thyroid cells 
without greatly altering the size of the daughter Paley The stimulatory 
action of TSH on thyroid cell multiplication is quite similar to the 
thyroid cell hyperplasia seen following the administration of antithyroid 
drugs to iodide-deficient animals (Wollman and Breitman, 1970) in which 


endogenous levels of TSH are believed to be elevated. 
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Pilate 1. Photomicrograph of 5-day old monolayer culture of control 
thyroid cells. 


Stained with hematoxylin and eosin x 460. 











Plate II. Photomicrograph of 5-day old monolayer culture of TSH- 
grown thyroid cells. 


Stained with hematoxylin and eosin x 460 
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CHAPTER III 

IODINE METABOLISM IN THYROID CELLS IN MONOLAYER CULTURE 
A. Introduction 

The metabolism of iodine by the normal thyroid gland occurs in 
several distinct steps. lIodide ion is first actively transported into 
the gland where it then becomes covalently bound to a specific 
thyroidal protein (thyroglobulin). The iodoprotein so formed is 
ultimately hydrolyzed yielding the active hormones, triiodothyronine 
(T 3) and thyroxine (T,) as well as the intermediates, monoiodotyrosine 
(MIT) and diiodotyrosine (DIT). These steps are shown in a schematic 
form in Fig. 3.1. All these functions are stimulated by thyroid- 
stimulating hormone (TSH), a glycoprotein secreted by the anterior 
pituitary gland. A number of investigators have reported that thyroid 
cells grown in monolayer culture either retain both active transport 
and binding functions, or lose them both completely. 

Pulvertaft et al (1959) studied human thyroid cells in 
monolayer culture and reported that the cells concentrated iodide to a 
small extent; MIT was the predominant, or sometimes exclusive, product 
of organification. 

Hilfer (1962) cultured 16-day old chick embryo thyroids in 
monolayers and found that these cells could form MIT and DIT but not 
TROL 


& 4° 


T, and T, by the same type of cells grown in monolayers using culture 


In contrast, Spooner (1970) described the formation of both 


times of up to 20 days, with a medium different from that utilized by 
Hilfer. 
Tong et al (1962) and Kerkof et al (1964b) investigated 


iodide metabolism in sheep thyroid monolayer cultures and demonstrated 
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complete retention of both active transport and organification functions. 
Furthermore, they showed that addition of TSH to the culture medium led 
to a marked enhancement of both these functions. 

Rabin et al (1966) studied hog thyroid cells in monolayer 
culture and detected the formation of iodotyrosines during the first 
5 days, and iodothyronines during the first 3 days of culture. Iodide 
transport function was lost sometime between the first and the fifth 
day of culture. 

Siegel (1971) studied steer thyroid cells in monolayer culture 
and concluded that these cells retained the ability to iodinate 
proteins, although the exact nature of the iodinated compounds was not 
determined. 

lissitzky er.a?, (1971)> using pig thyroid cells in monolayer 
culture, showed that iodide ion was concentrated and metabolized to 
organic compounds only if TSH was present in the culture medium. In 
the absence of TSH, such functions were lost between the first and 
second day of culture. 

With few exceptions the retention of active iodide transport 
function by cultured thyroid cells has not been investigated in detail. 
Thus it is possible that some culture systems, in which hormone 
formation was not detected, might have still retained the ability to 
actively transport iodide ion. 

On the basis of the data from the above studies, it was clear 
that there was considerable variation in the function of different 
thyroid cell culture systems. This probably reflects the different 
species of animal chosen, the culture conditions employed and other 
factors. The present investigation was thus directed towards defining 


more precisely the extent of iodine metabolism occurring in the cell 
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culture system. One series of experiments was designed to ascertain 
whether the cells retain the function of active iodide transport, while 
a second set of experiments was performed to detect the formation, if 
any, of iodoproteins or their derivatives in these cells. Finally, 
experiments were designed to define the optimal conditions (e.g., age 
of culture) under which cultured cells should be eaten for iodide 
transport studies. 
ze. Materials and Methods 
ied ee lil 
(i) Thyroid Cells 
In general, 5- to 6-day old monolayer cultures of bovine 
thyroid cells were used for the experiments unless otherwise 
specified. 
Cit Weilela tCelis 
Stock HeLa cell cultures, kindly supplied as a suspension by 
Dr. P. McConnachie, were diluted with the culture medium to 
a concentration of 100,000 cells/ml and cultured in Leighton 
tubes or plastic flasks under conditions similar to those 
employed for culturing thyroid cells. The HeLa cells formed 
extensive monolayers by 5-6 days of culture and were used 
at this stage for the experiments. 
as Measurement of 1311 Metabolism of Cultured Cells by Incubation 
with 1311 
All incubations were carried out in Krebs-Ringer phosphate 
buffer (pH 7.4) of composition: 
NaCl (154 mM) 100 parts 


KCl (154 mM) 4 parts 
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CaCl, (110 mM) 3 parts 

MgSO, (154 mM) enact 

0.1 M Phosphate 20 parts 
Buffer 


(The 0.1 M phosphate buffer was prepared by adding 20 ml of 1N HCl to 
26.81 g of Nag HPO,, 7Hj0 and then diluting the peceton topewiinal 
volume of one liter.) 

Appropriate concentrations of sodium iodide (NaI) and 1311 
(obtained as carrier-free Na!3!I, Charles Frosst and Co.) were added 
to this medium. When iodide transport function alone was to be 
measured, l-methy1l-2-mercapto-imidazole (methimazole, EIS Lit ly andaco.) 
was added to the medium to a final concentration of 2 mM. This agent 
is known to effectively block further thyroidal metabolism of transported 
iodide (Werner and Ingbar, 1971). When iodoprotein formation was to be 
measured, this agent was omitted from the medium. Incubation of cells 
on converslips was carried out in 50 ml capacity beakers using 5 ml 
of medium. In the case of cultures grown in flasks. the growth medium 
was discarded and the cells were washed with three consecutive changes 
of KRP medium at 37°C. Following this, the incubation was started by 
adding 10 ml of the appropriate medium. In each case, incubation was 
carried out for one hour at 37°C with gentle shaking in a Dubnoff 
metabolic shaking incubator. After incubation, the adherent medium 
was removed from the cells by washing them with 0.9% NaCl solution. 
For cells grown on coverslips, this was achieved by removing each 
coverslip from its incubation medium with fine-toothed forceps and then 
dipping it twice in each of four consecutive beakers containing 


approximately 70 ml of the washing solution at room temperature (Tsan 
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and Berlin, 1971). The entire rinsing was completed in about 10 
seconds and appeared to remove adherent extracellular medium adequately, 
as determined by measuring the radioactivity of the fourth wash fluid. 
Washing of cells grown in plastic flasks was performed by draining the 
incubation medium from the flask and then washing the cells with four 
quick, consecutive changes (15 ml each) of 0.9% NaCl solution. The 
adequacy of the wash was again checked by determining the radioactivity 
in the fourth wash fluid. 

a Determination of Protein-Bound Iodine Formation by Cultured 

Thyroid Cells 
Cells grown in flasks were incubated for one hour at 37°C in 

10 ml KRP buffer containing 1.0 x 107° M sodium iodide and 0.1 yCi/ml 
of 13ly (carrier-free), after which they were washed with 0.9% saline, 
collected by scraping with a rubber "policeman" and then homogenized 
in 1 ml of 0.9% saline in a Potter-Elvehjem homogenizer. The protein 
fraction of the homogenate was isolated by the following procedure 
(Greenberg, 1970). Each homogenate was treated with 4 volumes of 10% 
trichloracetic acid (TCA) at room temperature. Following centrifugation, 
the precipitate was washed by resuspension in a series of solvents: 
twice in 10 ml of 5% TCA, once in 8 ml ethanol, once in 8 ml 3:1 
ethanol:ether at 60°C for 3 minutes, and finally in 10 ml ether. During 
the first resuspension with 5% TCA, the mixture was heated at 90°C for 
15 minutes to eliminate the nucleic acids from the precipitate. The 
treatments with ethanol and ether were designed to extract the lipid 
fraction of the precipitate. After the washed precipitate had been 
dried in air at room temperature its 13lt content was determined by 


counting in a Nuclear-Chicago well-type scintillation counter. The 
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iodide concentration of the precipitate was calculated from the known 
specific activity of 1317 in the medium. Finally, the precipitate was 
dissolved in 2.0 ml 1 N NaOH in preparation for the estimation of its 
protein content (Chapter II). The results were expressed as moles of 


iodide bound per mg of protein. 


4. Gel Filtration Chromatography 


A 100 cm x 1 cm column of coarse G-25 Sephadex (100-300 u 
particle size) was employed, with 0.1 N NaCl as the solution used for 
packing and washing of the colum. Filtration was carried out at 4°C. 
One ml of cell homogenate, prepared after incubation of thyroid cells 
with sodium iodide and !3!1I as described above, was layered on the top 
of the column. In addition, a 0.5 ml aliquot of the culture medium 
taken at the end of the incubation period was similarly filtered 
through another Sephadex coiumn. Fractions of 3 ml were collected, 
ened for absorbancy at 280 mu in a Spectrophotometer (Beckman 
Kintrac VII) and assayed for 1317 radioactivity in a well type 
scintillation counter. 

5. Ascending Paper Chromatography 

Homogenates from both control thyroid cells and TSH-grown 
cells were obtained after incubation of the cells with Nal and tracer 
as described above, except that Tris buffer, pH 8.5, (Tris-0.04 M, NaCl- 
0.15 M, CaCly-0.014 M, Methimazole-0.002 M) was used instead of 0.9% 
NaCl solution during homogenization. After the addition of 5 mg of 
Pronase (Calbiochem grade B, 45,000 P.U.K./gm) per ml and one drop of 
toluene the homogenate was Tfgibated for, 8 hourspat 3/°C. J Aliquots 
(200 ul) of each hydrolyzate, each containing at least 1 ug of 1277, 
were then chromatographed on 3cm-wide strips of Whatman No. 3 MM paper 


using two different solvent systems: 
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(i) n-butanol-2N acetic acid (1:1) and 
(ii) n-butanol-ethanol-2N ammonia (5:1:2) 
Aliquots (100 u1) of the culture medium taken at. the end of the 
incubation period were similarly chromatographed. Following chromatography 
for 16-18 hours at room temperature the strips were air-dried and 
scanned for radioactivity in a strip scanner (Actigraph III, Nuclear 
Chicago). Various standards (131t-iodide, 13!1-labelled T, and T,, non- 
labelled MIT and DIT) were chromatographed similarly in both solvents 
for determination of their R¢ values. The positions of the radioactive 
bands were identified by scanning as above. The bands corresponding 
to MIT and DIT were made visible by spraying a Sri pSewl tind, 
ninhydrin solution in n-butanol (Mann Spraytec Reagent, Mann Research 
Laboratories). 
6. Measurement of Cell/Medium Concentration Ratios for Iodide 

Cells were harvested from 250 ml culture flasks by scraping 
with a rubber "policeman", suspended in 5 ml KRP medium containing 
0.002 M methimazole, 1.0 x 10-° M sodium iodide and 0.01 uCi/ml of 131y 
(carrier-free), and incubated at 37°C for one hour with gentle shaking 
in a Dubnoff metabolic shaking incubator. At the end of the incubation 
period the suspension was transferred to 6.5 ml graduated, tapered 
centrifuge tubes (Shevky-Stafford type) and centrifuged at room temperature 
for 5 minutes at 50 x g. The volume of packed cells was read to the 
nearest 0.01 ml. After the supernatant had been drawn off, the 
radioactivity of both the cell pellet and an aliquot of the supernatant 
was measured. The results were expressed as cell/medium (C/M) ratios 
where: 
131 cpm per ml of packed cells 


C/M = 
131 cpm per ml of medium 
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ie Measurement of Iodide Accumulation by Thyroid Cells 

Coverslips bearing monolayer cultures of thyroid cells were 
incubated under the same conditions described above for the C/M 
measurements except that a higher concentration of 1317 was used (1 yCi/ml1). 
The specific activity of 131] in the medium was calculated from the 
known iodide concentration and radioactivity of the medium. At the end 
of incubation, each coverslip was washed as described earlier and placed 
in a counting tube for the measurement of its radioactivity. Subsequently 
the amount of protein on each coverslip was determined. The results 
were expressed as moles of iodide accumulated per mg of cell protein. 
C. Results 

Ike The Formation of Protein-Bound Iodine by Cultured Thyroid Cells 

Table 3.1 summarizes the results of experiments performed to 
determine the formation of protein-bound iodine by thyroid cells grown 
as monolayers either in the presence or in the absence of thyrotropin 
in the medium. The amount of protein-bound iodine formed under similar 
experimental conditions by freshly isolated bovine thyroid cells and 
by HeLa cells was also determined. The latter types of cells were 
chosen for the control experiments because the first was known to be 
capable of forming iodoprotein (Tong et al, 1962), while the second 
was incapable of doing so. The results indicated that protein-bound 
iodine formation was negligible for cultures of thyroid cells grown 
under the conditions of this study, regardless of whether TSH was 
present or absent in the growth medium. The same negative results were 
obtained with the HeLa cell pl tueees On the other hand, freshly 
isolated thyroid cells formed significant amounts of protein-bound 


iodine under the same experimental conditions indicating that 
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TABLE’ 321 


Formation of Protein Bound Iodine by Various 
Cells Incubated with !3!I-labelled Nal 


a eS ee 


Protein Bound Iodine 
(moles per mg of cell protein 


Cell Type x 10!1)* 
age ee ee i ee ean 
4 BS Control thyroid cells** pele eed D hg 84 
Pe TSH-grown thyroid cells** Oe raete0 02 
3. HeLa cells** OSL4ee 0802 
4. Freshly isolated thyroid cells Boon 0.2 


De ee 


Five-day-old cells cultures (<3) or freshly isolated cells were 
incubated with !3!I-iodide at 37°C for one hour. Following incubation, 
the cells were homogenized. The protein content of the homogenate was 
estimated by the methods described in the text. The iodide content of 
the proteins was calculated from the 1317 count of the protein sample 
and the known specific activity of 131 in the incubation medium. 


*Mean of four determinations + SEM. 
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(i) the composition of the incubation medium was suitable, and 
(ii) the thyroid cells, at the time of inoculation, were 
functionally capable of forming iodoproteins. 

Since the suspension of freshly isolated thyroid epithelial cells was 
contaminated with other cells such as red blood cells, and with 
cellular debris, the ability of the epithelial cells alone to form 
iodoproteins was probably much higher than that indicated by the data 
shown. 

Tai Gel Filtration Chromatography 

The results, which are summarized in Fig. 3.2, show the 

profiles of radioactivity and absorbance at 280 190 of eluates obtained 
by the filtration of cellular homogenates through Sephadex G-25. 
Proteins were recovered in eluates collected between 15 ml and 21 ml, 
as shown by measuring the absorbance of the fractions at 280 mu. The 
131t activity was recovered in the fractions collected between 36 ml 
and 60 ml. The complete absence of radioactivity in all fractions 
corresponding to the protein peak marked by the absorbancy peak at 
280 mu indicated the absence of iodinated cellular proteins in the 
homogenate. Furthermore, the observed peak of radioactivity coincided 
with the position of iodide, as determined by filtering a sample of 
131t-Jabelled sodium iodide through the column under the same conditions. 
About 99% of the total radioactivity of the hydrolyzate was recovered 
in this iodide peak suggesting that at least 99% of the iodide taken 
up by the cells during incubation was present as inorganic iodide. 

When 0.5 ml of the medium removed at the end of the incubation 
period was layered on the column, the eluates once more showed a single 


radioactivity peak corresponding to iodide. Recovery was again 99%. 


Figure 3.2. Filtration through Sephadex G-25 of homogenates prepared 


from cultured thyroid cells which had been incubated with 
1S) iL 
ike 


Five-day-old monolayer cultures of thyroid cells grown with or without 
the addition of TSH to the growth medium, were incubated with !3!1I-iodide 
as described in the text. Following the incubation, the cells were 
homogenized and the homogenate was analyzed by filtration through a 
column packed with G-25 Sephadex. 3 ml fractions of eluate were 
collected in each tube. 


Upper Curves: TSH grown cells 


Lower Curves: Control thyroid cells 
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These results suggest that the thyroid cells did not release any 
iodinated proteins into the medium during the incubation. 

oie Ascending Paper Chromatography 

Paper chromatograms, prepared from the hydrolyzed thyroid 
homogenates and culture media at the end of incubation, showed a 
single peak of radioactivity with an A value identical with that of 
iodide ion (0.31 in the butanol-acetic acid system, 0.25 in the 
butanol-ethanol-ammonia system). An occasional minor peak representing 
1% or less of the total radioactivity was seen at the origin. However, 
no peaks corresponding to the iodotyrosines or iodothyronines were 
observed on any of the strips. 

4. CUMerRatios® Gables.) 

The observed cell/medium ratio of radioactivity for HeLa cells 
was close to unity confirming that these cells were incapable of 
concentrating iodide from the medium. Under the same experimental 
conditions the system of control thyroid cells had a C/M ratio of 
approximately 3.2 showing that the cells possessed the ability to 
establish a concentration gradient for iodide between themselves and 
the medium. This ability was still higher for thyroid cells grown 
in presence of TSH for which the C/M ratio had a mean value of 11.0. 
These C/M values for thyroid cells are underestimated to some extent 
since a proportion of the cell volume as measured corresponded to 
extracellular space. Also, the presence of any non-viable cells (which 
could result from the trauma sustained during scraping of the monolayers 
with a "policeman") would tend a lower the actual C/M ratio. 

or Iodide Accumulation by Thyroid Cells 
The amount of iodide accumulated per mg of cell protein in 


cultured cells under different conditions is summarized in Table 3.3. 
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TABLE 3.2 


Cell/Medium (C/M) Iodide Concentration Ratios for 
Various Cultured Cells Incubated with !31!I-iodide 


Type of Cell C/M Ratio™ 
ie Control thyroid cells Splat ©). £9 
aie TSH-grown thyroid cells Riso at ile k: 
3. HeLa cells 0:90 2 0.04 


Five- or six-day-old cells cultured in flasks were incubated in 
KRP media containing !3!I-iodide for 1 hour at 37°C. Following this, 
the cells were collected from the flasks by gentle scraping with a 
policeman. The volume of the cells and the radioactivity of the cells 
and a 1 ml aliquot of the medium were determined by methods described 
in the text. From these data C/M ratios were calculated. 


*Mean of 4 determinations + SEM. 
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TABLE 3.3 


The Accumulation of Iodide by Various Cultured Cells 
Incubated with !%!I-iodide 


Iodide Accumulation 


Type of Cell (moles/mg of cell protein x 1010)* 
se Control thyroid cells PIR TOON) 
ae TSH grown thyroid cells Peyote leeks V/A 
a HeLa cells OV 2722. 0701 


i 


Five- or six-day-old cell cultures were incubated in KRP media 
containing 131]-iodide of known specific activity for 1 hour at 37°C. 
Iodide accumulation was measured by methods described in the text. 
The control and TSH-grown cells were derived from the same population 
of freshly isolated cells. 


*Mean of 5-6 determinations + SEM. 
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The iodide accumulated by thyroid cells was several times higher than 
that found in HeLa cells under similar conditions. Further, iodide 
accumulation was several-fold greater in thyroid cells grown in the 
presence of TSH compared to the control thyroid cells. These results 
are consistent with the results described above for C/M measurements 
on similar cells. 

Virtual abolition of iodide accumulation by the thyroid cells 
resulted from the addition of C10, or CNS to the incubation medium 
(Table 3.4). This finding was in complete agreement with the known action 
of these agents as competitive inhibitors of iodide transport 
(Wyngaarden et al, 1953). Marked depression of iodide accumulation was 
seen also when the cells were incubated with inhibitors of cellular 
energy metabolism, such as 2,4-dinitrophenol or sodium cyanide. This 
suggested that the iodide accumulation process was dependent upon cell- 
ular energy production. The marked inhibition of iodide accumulation 
occurring in the presence of ouabain and the reversal of this inhibitory 
effect by 20 mM KCl was of considerable interest, because it suggested 
a possible link between the function of the "sodium pump", (the Nacekee 
dependent membrane ATPase) and the iodide accumulation process. 

os Variation in Iodide Accumulation Activity with Age of Cell 

Culture 

The amount of iodide accumulated by control thyroid cells 
grown for 4,7,10,14,21 and 28 days, all cells oricinatine from the 
same common inoculum, is shown in Table 3.5. Data are given for cells 
incubated both in the presence Hee in the absence of C10, (TO sx Lom M). 
The purpose of the experiment was to establish whether there was any 


change in iodide accumulation activity with age of culture, and also 
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TABLE 3.4 


Effect of Various Inhibitors on Iodide 
Accumulation by Thyroid Cells 





Iodide Accumulation per mg of Cell Protein 
(moles x 10!9)** 





Condition? 
AneecontrolsThyroid B. TSH Grown Thyroid 





Gels Cells 

1. Control PL AIM Se Ae NORA cee eer ees 8) 

Oe te 0.31 + 0.04 0.33 + 0.03 

3. Addition of 0.1 m™ 0.28 + 0.02 0024580. 02 
C10, 

4. Addition of 0.1 mM Ov30=* 0-01 0.33 + 0.02 
CNS7 

5. Addition of 10 m™ 0.42 + 0.01 Pe 5 7a Oely 
NacCn 

6. Addition of 0.1 mM 0.43 + 0.02 2.25 80 229 
2,4-dinitrophenol 

7. Addition of 5 x 107° M Gray 280702 1.88 + 0:20 
ouabain 

8. Addition of 5 x 107° M 1.96 + 0.20 ob Spt ack pak 
ouabain in presence of 
20 mM KC1* 


Iodide accumulation was measured as described in the legend to 
Table 3.3 under the conditions given above. The data in columns A and B 
were obtained with two different cell populations. 


*Tsoosmolar amounts of NaCl were withdrawn from the medium where additions 
of NaCN or KCl were made. 


**4vean of 5-6 determinations + SEM. 


tAll concentrations denote the final concentration of the reagent 
in the incubation medium. 
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TABLE 3.5 


The Variation with Age of Culture of the Ability of 
Cultured Thyroid Cells to Accumulate Iodide 





Iodide Accumulation (moles/mg cell 
protein x 1019) 


EMO DeCULCULCN 6 ee ee RAC OPOF A/B 
A. In Absence of Bee ilepresence or 
eiope” Cloris 
4 4 
a. 4 days PAU! 7p ez: (OAL) OF 34.0 .04 ahead) 
2. 7 days Seiad aa 10a Oo laee0. 03 ya) 
as 10 days DA cece Oce2 1 O74 dete. .03 Bias! 
us? 14 days 07972250505 Oe o/mte0 205 220 
Des 21 days Os8 5m 7 Oaks Uno lee, 0.02 Bez 
6. 28 days 0.63 4 0508 0.40 + 0.04 6 


The cell cultures were incubated with !3!I-iodide under conditions 
described in the legend to Table 3.3 with or without the addition of 
0.1 mM KC10, to the incubation medium. The cells were obtained by 
culturing the same population of freshly isolated cells for different 
periods of time, without the addition of KC10, to the growth medium. 


*Mean of 5 determinations + SEM. 


**kMean of 3 determinations + SEM. 






“v 
F : a. 

‘ . -- yy teehee, ba oY 

+ ib ae 


i 
Fat A : + hae 


® 


ts 


a —— 





Snare) tb) ai AQiawsg | yt ' rett 39 wipes Fise 





(wore o9 oF ,OLOF 76 nobt kote sis auadsiw yomks iki 
a + 7 





48 


to establish optimal conditions for future experiments. Because the 
level of iodide accumulation that occurred with thyroid cells incubated 


in the presence of C10, was found to be similar in magnitude to that 


seen for non-functional tissues (e.g., HeLa cells), the C10, studies 
served as controls during the evaluation of iodide accumulation 
activity of thyroid cells of different ages. The results show that the 
iodide accumulation activity of uninhibited thyroid cells remained high 
and essentially constant for the first 10 days or so of culture after 
which the activity declined and settled to a lower level. Even at 

28 days, however, the cultures accumulated significantly more iodide 
than the corresponding perchlorate controls. 

D. Discussion 

The experiments described above have shown that bovine thyroid 
cells grown in monolayer culture retain the ability: to establish a 
concentration gradient for iodide between cells and incubation mediun. 
This ability was markedly enhanced in cells grown in the presence of 
TSH. Because there was some variation (usually within 2- to 8=foid)in 
transport activity between different batches of cultured cells, it was 
necessary for most experiments to use cells grown from the same common 
inoculum in order to make comparative studies. 

It was of interest that the amount of iodide accumulated by 
thyroid cells incubated in the presence of the ions C10, or CNS , or 
at 4°C, or in the presence of ouabain or inhibitors of energy metabolism 
(e.g., NacN, 2,4-dinitrophenol), was always of the same magnitude and 
comparable to that seen in HeLa cells. This constant base-line level 
probably represents iodide accumulated by "passive diffusion", or 


other non-energy dependent entrance of iodide into the cell. Under the 
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same experimental conditions, the cells were found to be capable of 
establishing ratios for iodide of 1:1 across the cell membrane confirming 
that even when active iodide transport was inhibited, the cells accumulated 
some iodide equivalent to the level of iodide in the medium. 

Since the cell interior is electrically negative with respect 
to the extracellular medium, the establishment of a concentration 
gradient for the negatively charged iodide ion between the cell and the 
medium must involve movement of iodide ion against its electrochemical 
gradient. Such a process would involve the expenditure Srecel later 
energy and would be expected to be markedly inhibited, as was observed 
experimentally, by NaCN, 2,4-dinitrophenol or cold (4°C). Thus the 
experimental conditions under which iodide was accumulated by the 
cultured cells satisfied the usual criteria for a process of active 
transport (Davis, 1969). The term active transport, as used above, 
is not a strict thermodynamic definition which would require the 
additionai knowledge of such factors as the activities of iodide ion 
on the two sides of the cell membrane, the potential difference across 
the membrane and the interaction of iodide ion movement with the 
movement of particles of solvent and other ions (Stein, 1967, p. 62; 
Ussing, 1959). 

The iodide-concentrating ability of the cultured cells was 
maintained at the same level for at least 11/2 weeks. Thereafter it 
decreased in magnitude, although for the next 2 1/2 weeks it was 
always at least twice that seen in the presence of C10, . This suggested 
retention of some iodide concentrating ability for at least four weeks 
of primary culture. The cause of diminution of activity after 1 1/2 


weeks remains unclear at the present time. 


, = iL 


7 
" ‘ i 
7% 2 we 










: - » 
; ee se 7 
E £44 ij Ee SEE \aqyxes ome 


a 


‘ ——_ A we 
\) eptoer- gebile hidaawe 


i 


As 
if rt oD ‘ Bithal 


id 
6008 


q 


=e 
ie | 
; ) Sonic’ - 
* - : 
Lisassiee ote 
, 2 ee 
an exi2 Tor Srelbew 
T 
' - 7 
~ von evlovent tenn eviier 
2 ’ * vs 
; ‘ 
_ r. _ 
1 east e JUD 
7 
~~ a ’ ’ 7 ‘ 
— ‘ } ¢ wee 
; . 4 : 
in, 
— ~ +b him r 


» 
wl shi fes 2 
; 
T f a it soy 
af * : -d . 
theerrads 3 am 34 
' 
e\¢ aw 
2 teapks2bhe: 
at re 
. ; + 







5 . 
1 . - a aa 

j : { m 5 i . n ‘ ? fi-0 q\ =4) La yeg o\ die ; 
Ni a 
= a 


2 ina fd - 
i . » (RERF 4 








= , ~- ees 
edz 2 yailids gakacrinbce 


te 7 









a . allso betuaivs ob iat on? : aa 





50 


The atonATeS of iodide concentrating activity without 
diminution for the first 7-10 days of culture was of interest. This 
argued against any significant incidence of overgrowth during this time 
Dyenoi-thyroidrcells (@.¢., fibroblasts). ‘Such cells constitute a small 
fraction of the cell population of the thyroid gland and must have been 
present at the time of inoculation. Occurrence of significant overgrowth 
by inactive cells would be expected to diminish the total iodide 
accumulating activity of the cell culture in a progressive manner right 
from the beginning. The homogenous appearance of the cells in culture 
throughout the growth period, where only one morpholosical type of cell 
was seen, also supports this conclusion. It is probable that the non- 
thyroid cells might have been eliminated from the culture system 
because of their relatively small initial concentration. 

In contrast to their maintenance of specific iodide transport 
function, the cultured thyroid cells showed no demonstrable ability to 
iodinate protein or form the thyroid hormones as their precursors; over 
99% of the cellular iodine was identified as inorganic iodide ion. The 
same was true for cells grown in the presence of TSH. Thus the thyroid 
cells in culture retained one differentiated function of such cells 
in vtvo, namely active iodide transport, while the other differentiated 
feature of thyroidal iodine metabolism, the ability to form specific 
iodoproteins, was lost. 

Such loss of one specialized function, with retention of a 
second, is infrequent for cells grown in culture, and has not been 
reported previously for thyroid-cell culture systems. However, a few 
comparable findings have been published for cultures of other hormone- 


preducing cells (Sato and Buonassisi, 1964). Although the cause of 
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this partial loss of differentiated function is not understood, the 
following possibilities merit consideration. 
iE Effect of Culture Media 
The culture medium could be adequate for one aspect of cell 
function while containing substances inhibitory to the differentiation 
of other functions (Coon and Cahn, 1966). The conflicting results 
referred to earlier which were obtained by Hilfer (1962) and Spooner 
(1970), both using 16-day chick embryo thyroids, might be explained 
on this basis. 
Db Effect of Spatial Arrangement 
Thyroid cells in monolayers exist in a two-dimensional 
arrangement. However, a three-dimensional configuration as occurs 
tn vtvo, may be necessary for normal cell-to-cell interactions which 
may be essential for fully differentiated function. 
ale Specific Requirements 
Several tissues have been shown to require certain specific 
cellular products for proper differentiation. Thus normal functional 
development of mouse mammary gland in organ culture requires the 
simultaneous presence of insulin, hydrocortisone and prolactin (Topper, 
1970). Proper maturation of erythroid cells in bone marrow occurs only 
in the presence of erythropoietin. Similar requirements, yet undefined, 
may exist for complete differentiation of thyroid cells. 
4, Effect of Other Cell Types 
The presence of additional cell types may be necessary for 
fully functional differentiation of thyroid cells. Instances of such 
heterotypic induction are fairly well documented (Grobstein, 1954). 
Celis of this type, if such exist in normal thyroid tissue, may have 


failed to survive in culture. 
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The inability of the cultured thyroid cells to form iodo- 
protein proved to be an advantage for the present investigation of 
thyroid iodide transport because measurement of iodide accumulation 
was equivalent to measurement of iodide transport. It became 
unnecessary to use drugs such as methimazole to block subsequent 
metabolism of transported iodide ion. 

Since monolayer formation was extensive and essentially 
complete after 5-6 days of culture and because optimal iodide transport 
function was found to be maintained by the cells for the first 1 1/2 
weeks of culture, cell cultures of 5-6 days age were chosen for future 
experiments on iodide transport. 

In conclusion, a thyroid-cell culture system was developed 
which retained the ability to actively transport iodide ion. The 
properties of the tm vitro transport system strongly resembled those 
of the thyroid gland 7m vtvo including such properties as response 
to specific inhibitors (C10, , CNS ), inhibitors of energy metabolism 
(CN , 2,4-dinitrophenol) and ouabain. Poly again asd? vivo, tad a 
marked stimulatory action on the transport system. The experimental 
evidence suggests that a basic identity of mechanism may exist between 
the active transport systems of the cultured cells and of the gland 
tn vivo. Thus, the in vittro system was considered a valid model with 
which to carry out further studies on the mechanism of iodide transport 


by thyroid cells. 
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CHAPTER IV 
KINETICS OF IODIDE INFLUX 
Tes Introduction 

With the successful development of a functional thyroid 
culture system, detailed studies on the process of active iodide 
transport became feasible. It was necessary, however, to devise a 
method for measuring iodide fluxes across the thyroid cell membrane. 
The flux, defined as the amount of the substrate which crosses the 
membrane per unit time, has been expressed per sq. cm. of membrane 
surface, per kilogram of dry cells, or in terms of other conveniently 
measured parameters. In the present study, it was decided to express 
fluxes as moles of iodide per mg of cell protein per minute. 

The net flux of iodide into a thyroid cell is the difference 
between see opposite unidirectional fluxes, the influx, which carries 
iodide into the cell from the external medium, and the efflux, which 
leads to iodide movement in the reverse direction. Measurement of 
either one of these components may be done by measuring the net flux 
under conditions where the contribution of the opposing flux is very 
small and therefore can be considered negligible. Under the present 
experimental conditions the external medium contained an excess of !3!]- 
iodide of known specific activity. On the other hand, the eéils, which 
had been grown in an iodide-free medium initially, had a negligible 
concentration of intracellular iodide. Under these conditions and the 
assumption that the influx and efflux were proportional to the iodide 
concentrations in the extracellular and intracellular compartments 
respectively, the rate of influx would remain constant throughout the 


experiment. The uptake of iodide by the cells would be insufficient 
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to significantly change the concentration of iodide in the external 
medium during the experiment. In contrast, the rate of efflux of 
iodide would be nearly zero during the very early period of incubation, 
because of the extremely low initial intracellular level of iodide. 
Thus by confining measurements to very early time intervals, the rate 
of influx of iodide by thyroid cells could be determined by measuring 
the net peiaie accumulation by the cells, provided the steady state (or 
equilibrium between influx and efflux) was not reached very rapidly. 
These considerations led to the design of influx measurements described 
in this section. 

Agents, such as C1047, CNS , cardiac glycosides and various 
metabolic inhibitors, were reported in the preceding chapter to 
markedly reduce net iodide accumulation by cultured thyroid cells. 

Such effects could be due either to an inhibition of iodide influx or 
to an increase of efflux, or perhaps by a combination of both. In 
view of these possibilities, a study of the effects of these reagents 
on the influx process was undertaken. 

Finally, a study of the kinetics of thyroidal iodide influx 
was undertaken with the hope that knowledge of such data would provide 
information about the nature of the underlying reaction sequences of 
iodide influx. Variation of the various kinetic parameters of the 
influx reaction, in response to changes in experimental conditions 
(for example changes in Nat concentration), would, in particular, be 
useful in such analyses. 

Bs Materials and Methods 
The methods of measurement of iodide accumulation by the cells 


have been described previously (Chapter III). Experiments were carried 
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out using 5- to 6-day old cultures of thyroid cells, grown in the 
presence or absence of TSH in the medium (Chapter II). 
C. Results 
dig Iodide Accumulation by Thyroid Cells as a Function of Time 

Fig. 4.1 illustrates the accumulation of iodide by thyroid 
cells at various intervals of incubation up to 3 hours. The initial 
part of the uptake curve over the first 10-15 minutes was found to 
approximate a straight line. The curve then showed increasing downward 
curvature until after 45-60 minutes of incubation, when it became 
parallel to the time axis. This plateau implied that the system had 
attained a steady state which then was maintained for at least 3 hours. 
As the initial part of the uptake curve was found to approach linearity 
the determination of iodide accumulation at five minutes was used to 
calculate the initial slope of the line. This, as discussed above, 
was taken as the velocity of the influx process. During this 5-minute 
period, net iodide accumulation did not exceed 20% of the steady state 
value. Similar results were obtained for both control and TSH-grown 
cells. 

ne Variation of Influx Rate with Iodide Concentration 

Fig. 4.2 depicts the variation in the rate of iodide influx 
into cultured thyroid cells with changes in iodide concentration over 
the range from 1.0 x 1075 M to 2.0 x 10°* M. The upper curve shows 
the results obtained with TSH-grown cells while the lower one illustrates 
those obtained with control cells. Both cell populations are saturable 
at high iodide concentrations and as such conform to a rectangular 
hyperbolic type of curve obeying the relationship 

vas 
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Figure 4.1. The accumulation of !3!1-iodide by thyroid cells in mono- 
layer culture as a function of time. 


Iodide accumulation by five day old thyroid cell cultures was measured over 
a 3 hour period under conditions similar to those described in the legend 
to Table 3.3. The two scales on the ordinate represent 131}_jodide 
accumulation as counts per minute per mg cell protein. Each result shown 
is a mean of 5-6 determinations + SEM. The control thyroid cells 

o——— 0) and 1SH-- rowns thyno1dmce llc @———__-_-_—_——-®) represent two 
different cell populations. 
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Kigure Lane Effect of the extracellular concentration of iodide on the 
rate of iodide influx into thyroid cells in tissue culture. 


Iodide influx was determined by measuring the iodide accumulation by five 
day old thyroid cells during a 5 minute incubation at 37°C in KRP media 
containing 131y of known specific activity. Each result shown represents 
the mean of 5-6 determinations and is expressed in units of moles of iodide/ 
mg cell protein/minute, 
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Figure. 4.3. Lineweaver-Burk plots of iodide influx into thyroid cells 
as a function of the iodide concentration of the external 
medium. 


The data from Fig. 4.2 were used for the construction of the plots 
shown. The velocity of influx (V) is expressed in units of moles 
of iodide per mg cell protein per minute. The iodide concentration 
of the medium (S) is expressed in units of moles per Liter. 
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TABLE 4.1 


Kinetic Parameters of Iodide Influx into Thyroid Cells 
in 5-Day Old Monolayer Cultures 








Vm 
(moles/mg cell Km 
Type of Cells protein/min x 101!) (moles x 10°) 
Control thyroid 
cells 
1) Tae 2.80 
2) Tee 420 
3) 10.6 B220 
TSH-grown thyroid 
cells 
1) 87.3 2.93 
2) 66.7 ee 
3) 93756 3.64 


Each horizontal line represents 


the results of one experiment. 


24 


eee 


x ¢ 
= - , me _ 57 aac if 
| Sect rr J a ; i ; ¥ 
a Sue Peo oils) to agqyT 
= = p ; } ce aoe SRLS, 
‘ Se ST 


-Sonizeqes ano te atin ails earpacaqor ont fetibaixod dont & 










iva! ekibol ww  eresaaared oljania 
. ’ rs) i fq v att~? at 


aa : ae. 7 
‘we ' fiertds forint 
elias. 


7 btoryda feosg+8@T™ 
a _ aifes 


. a 4 Ph 
w 4 + ae 3 


- * = : 
. > 








— we a rn 





& 


Pte 


60 


Il 


where V velocity of influx at iodide concentration S, 


Vm = maximum velocity of influx, 


Rn 


concentration which achieves one-half the maximum velocity. (This may 


a constant, operationally defined as that substrate 


be derived readily from the above equation by Substitutingsav = aVn/2,)) 

Fig. 4.3 shows the corresponding reciprocal (Lineweaver-Burk) 
plots, i.e., plots of 1/V vs 1/S. These are found to be straight lines 
with intercepts on the ordinate equal to 1/V,, and intercepts on the 
abscissa equal to -1/K,. From the intercepts, the values of Ky and Vip 
can be calculated. The values for these parameters obtained in 
different experiments (using different cell populations in each case) 
are summarized in Table 4.1. There was no significant difference in 
Kn value between the control and TSH-grown cells. However, the" ISH- 
grown cells had a much higher V,, value. 

om Variation of Iodide Influx with Iodide Concentration in the 

Presence ot Perchlorate 

The experiments described in the preceding section were 
repeated with the addition of 1.0 x 10°'M C10,” to the incubation 
medium. As discussed in Chapter III, the accumulation of iodide by 
thyroid cells in the presence of C10, probably represents a process 
other than active transport. The results, shown in Fig. 4.4, are in 
agreement with this concept. The thyroidal iodide accumulation that 
occurred in perchlorate-supplemented systems was essentially a non- 
saturating process with respect to substrate concentration up to an 
iodide concentration as high as 5 x 10 + M. In the presence of Clone, 
the rate of iodide accumulation increased in direct proportion to the 


iodide concentration of the medium. Since this study was concerned 


Figure 4.4. The effect of variations in the extracellular concentration 
of iodide on the rate of iodide influx into thyroid cells 
incubated in the presence of potassium perchlorate. 


Iodide influx was determined in 6-day-old TSH-grown thyroid cells under 
conditions similar to those described in the legend of Fig. 4.2 except 
that 0.1 mM KC10, was added to the incubation medium. Each result is 

the mean of 5-6 determinations and is expressed in units of moles of 
jodide/mg of cell protein/minute. The SEM corresponding to the three 
lowest concentrations of iodide are not shown because they were too small 
for the scale employed (the values were 1.09 + 0.08 x 107!2, 2589) 2-Da3e 
* 107'2 and 5.48 = 0.56 x9l0e 4). 
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with the active transport process only, the contribution due to "non- 
active processes" obtained as described for Fig. 4.4 was substracted 
from all influx measurements. By means of this correction a value was 
obtained corresponding to the amount of iodide accumulation by active 
transport alone. | 
4, Iodide Influx in the Presence of Inhibitors 

Several compounds are known to inhibit the net transport of 
iodide by the thyroid. Table 4.2 shows the effect of such agents on 
the rate of iodide influx into thyroid cells when the inhibitors were 
added to the incubation medium. It was found that C10, (1 OexetOme M) 
and CNS” (1.0 x 10°+ M) inhibited the influx process almost completely. 
However, 2,4-dinitrophenol (1.0 x 10°* M), CN7~ (1.0 x 1072 M) and 
ouabain (5.0 x 107° M) had no acute effect on iodide influx. 

oe Effect of Intracellular Iodide on Iodide Influx 

Table 4.2 also shows the effect of preloading thyroid cells 
with iodide on the subsequent rate of iodide influx into the cells. 
Control cells were preincubated with iodide-free KRP solution at 37°C 
for 30 minutes, while the experimental group was incubated with KRP 
medium containing 1.0 x 10°° M iodide for the same duration of time. 
The rate of iodide influx was then measured in the usual manner for 
both groups of cells. The results indicated that preloading the cells 
with iodide had no significant effect on the initial rate of further 
influx of iodide into the cells. 
Ds Discussion 

The shape of the curve which depicts the rate of accumulation 
of iodide by thyroid cells as a function of time (Fig. 4.1) would 


appear to result from the action of two opposing fluxes. At the onset 
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TABLE 4.2 


Effect of Various Reagents on the Rate of Iodide Influx 
into Thyroid Cells 


Todide Influx x 10!1 





Conditions ** (moles/mg cell protein/minute)* 

1 Control da nt) = 1.0 

fat Addition of 0.1 m™ KC10, OF U32 72702007 
to the medium 

2% Addition of 0.1 mM KCNS Oni 20 80.005 
to the medium 

dy. Addition of 10 mM NaCNn 17. OU eo Glew?) 
to the medium 

oh Addition of 0.1 m™ 16.0 ma hee! 
2,4-dinitrophenol to 
the medium 

6. Addition of 5 x 107° M 16.3 +£1.5 
ouabain to the medium 

Fs Preincubation of cells with TOS ele 
KRP for 30 minutes 

Ge Preincubation of-cells with 16.2 amr ANP. 


KRP + 1075 M Nal for 
30 minutes 





Iodide influx was measured in six day old thyroid cells grown in 
the presence of TSH. Control conditions were the same as those 
described in the legend to Fig. 4.1. When 10 mM NaCN was added to the 
incubation medium, appropriate changes in the concentration of NaCl 
were made to maintain the same osmolality. 


*Each result is the mean of 5-6 determinations + SEM. 


**A11 concentrations denote the final concentration of the reagent 
in the incubation mediun. 
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of the experiment, only influx of iodide was significant, and this led 
to an initial rate of iodide accumulation that was nearly rectilinear. 
However, as the intracellular iodide concentration continued to increase, 
efflux became more significant leading to a progressive decrease in the 
Slope of the time curve. Finally, in the steady state, achieved after 
45-60 minutes of incubation, the two fluxes became equal and the net 
uptake of iodide by the cells did not change further. The rate at 

which the steady state was attained was observed to be comparatively 
slow confirming that the present method used to measure the rate of 
iodide influx was valid. 

The inhibitory effects on iodide influx of C10, and CNS at 
concentrations of 1.0 x 10+ M was very marked. This was consistent 
with the known properties of these ions as competitive inhibitors of 
iodide transport. The absence of an acute inhibitory effect of agents 
like ouabain, CN and 2,4-dinitrophenol was of considerable interest. 

It suggested that the influx process itself did not depend directly 
upon the operation of the "sodium-pump". Further, it was apparent that 
these drugs did not directly interfere with the influx reaction. 
However, since these reagents will abolish net iodide accumulation by 
thyroid cells after a sufficient lapse of time (Chapter III), it would 
appear likely that their effect was primarily to increase the rate of 
iodide efflux after a lag period. This aspect of their action was later 
investigated and is discussed in Chapter Vi. The lack of effect of 
iodide preloading on subsequent iodide influx was also considered 
significant and is discussed in the final chapter in relation to the 
overall scheme of iodide transport. 

The shape of the influx curve (Fig. 4.2) followed a Michaelis- 


Menten type of relationship. However, this by itself gave no 
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information about the particular sequence of reactions involved in 
influx; because a number of different schemes would satisfy such a 
relationship, other experimental approaches were necessary to elucidate 
the details of such steps. The K, values obtained in this study were 
similar to those that have been reported for the thyroid glands of 

mice (Wollman and Scow, 1954) and rats, and for sheep thyroid slices 
(Wolff, 1964) obtained by different kinetic approaches. Similar values 
were also obtained by Knopp et aZ (1970) in their measurements of 
iodide influx into freshly isolated dispersed bovine-thyroid cells. 

The only difference found between control and TSH-grown cells, 
when the kinetics of iodide influx for the two groups of cells were 
compared, was in their markedly different V, parameters. Since the 
number of cells corresponding to 1 mg of cellular protein was not 
significantly different for the two cell populations (Chapter II), the 
observed difference in V, data suggested that the transport function 
per cell was considerably increased for cells that had been grown in 
the presence of TSH. Im contrast, the K, values were not significantly 
different for the two cell populations. These data suggest that 
incubation of the cells with TSH may lead to the induction in the cells 
of extra transport sites of identical affinity for iodide. An alternate 
explanation would be that TSH may accelerate some rate-limiting step of 
influx. These possibilities regarding the mode of action of TSH will 
be discussed more completely in the concluding section. Similar 
observations on the effect of TSH on the kinetics of iodide influx have 
been reported by Knopp et al (1970) in their studies using isolated 
thyroid cells. Similarly, Wollman and Scow (1954) found that the K, 


values for iodide influx determined on mouse thyroids were not affected 
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by hypophysectomy, a finding that agrees well with the present 


observation that TSH did not affect the Ky Of Llodide influx. 
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CHAPTER V 
EFFECT OF 1 AND OTHER CATIONS ON IODIDE INFLUX 
A. Introduction 

The experiments performed to measure the rate of iodide influx 
into thyroid cells, as described in the last Sa, THR Krebs 
Ringer phosphate solution as the external medium. This solution 
contained Nat as the principal cation. The experiments described below 
were designed to determine the effect of Na” ons odidesine lux ein 
addition, a number of different ions or solutes such as greta. tris’ 
(tris-hydroxy-methyl-aminomethane), Le Kt and mannitol were 
investigated as Na’ substitutes. In making such replacements, the 
total osmolality of the solution was maintained at a constant level. 

This was done to prevent swelling or shrinking of the thyroid cells in 
such substituted media and to eliminate factors such as solvent (water) 
flow across the cell membrane. As in previous experiments, thyroid cells 
belonging to the same batch were used for comparative measurements. 

It was decided to utilize TSH-grown cells throughout these studies 
because of their greater capacity for iodide transport. The differences 
which have been observed between TSH-grown and control thyroid cells 
with respect to iodide transport are discussed in a later section. 

In addition to the qualitative studies outlined above, several 
quantitative studies were undertaken.in this section of the work. These 
included a study of the effect of sodium ion concentration of the external 
medium on the kinetic parameters (kK and Wie) of iodide influx, anda 
study of the influence of extracellular sodium ion concentration on the 
magnitude of iodide influx at a constant iodide ion concentration. Such 
studies were expected to provide information on the role of Na’ in the 


thyroidal iodide influx process. 
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B. Materials and Methods 
1. Cells 
Five- to 6-day old monolayer cultures of bovine chy rode cells 
grown in the presence of TSH were used. The cells were grown under 
the conditions described in Chapter II. 
2. Media 
These were of the following types: 
(i) KRP - of the usual composition described in Chapter III. 
(ii) KRP in which Na’ was completely replaced by Kae This was 
achieved by replacing NaCl by equimolar KCl and by 


substituting K,H PO, for NaoH PO,. 


2 4 


(iii) Tris-Na medium. This had the composition: 


NaCl put: Gil 303mM 
KCl = 4.8 mM 
CaCl, = 2.5 mM 
MgSO, = 1.2 mM 
KH,PO/, = 1.2 mM 
Tris a 15 mM 


The pH was adjusted to 7.4 by the addition of 1N HCl. 
° e a5 + e 2 > 
Substitutions of Na or K in these media were made by using 
solutions of choline chloride, LiCl, NaCl, KCl, tris hydrochloride and 
mannitol in equimolecular amounts with the exception of mannitol where 
twice the molecular amount was used to yield the same number of particles 
in solution as the electrolytes.. 


(@- Results 


1. Iodide Accumulation by Thyroid Cells Incubated in Low-Na* 


Media 
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The upper curve in Fig. 5.1 shows the rate of iodide 
accumulation by thyroid cells incubated in KRP medium as a function of 
time. The lower curve shows a similar experiment done using a KRP 
medium in which Na’ had been substituted with choline’ to the extent 
that the medium had a Na’ concentration of 31.2 mM. The results showed 
that there was a marked depression of iodide accumulation in cells 
incubated up to one hour in the low-Na’ medium. 

2 Specific Stimulation of Thyroidal Iodide Influx by Na’ 

The data presented in Table 5.1 are the iodide influx 
measurements obtained by incubating thyroid cells in an Nall-K" 
medium (KRP in which ker had been totally replaced by Ke The effect 
of partial substitution of the Ra of this medium by various other 
solutes is also presented. The influx of iodide into the cells from 
the "all-K™" medium was very low and was comparable in magnitude to 
that obtained in experiments where active iodide influx had been 
abolished —|(Chapter IV). Substitution of a part of the e of the 
medium, equivalent to 70 mM, by Tie enoiinen: tris’ or mannitol, had 
no effect on iodide influx. However, substitution of KT by Na’ toa 
similar extent was found to produce a marked stimulation of iodide 
intlux. This suggested a specific stimulatory role of Na’ for the 
process of thyroidal iodide influx. 

i Specific Depression of Thyroidal iodide Influx by Depletion 
of Extracellular Na’ 

The data presented in the top line of Table 5.2 show the 
values measured for iodide influx into thyroid cells incubated in a 
normal KRP medium. The table also lists the values obtained for iodide 


apy f 
influx when the concentration of Na in the medium was reduced from 


Figure 5.1. Iodide accumulation by thyroid cells incubated in a low 
Nat-containing medium. 


Iodide influx was measured in 5-day-old TSH-grown cells for various periods 
of time by methods described previously (Fig. 4.2). The upper curve 
(@————_——-e) represents incubation in KRP media (151.5 m™ Nat) while 

the lower curve ©——————"0©) represents incubation in a modified KRP 
medium containing 31.2 m™ Nat and 120.3 mM choline*. The ordinate 
represents 131t-jodide accumulation as counts per minute per mg cell 
protein. Each result shown is the mean of 5-6 determinations + SEM. 
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TABLE 5.1 


(gal 


The Effect of Additions of Substituents to the External Medium 
on the Rate of Iodide Influx into Thyroid Cells 


Composition of External Medium 





Concentration of Kt 





Iodide influx x 101! 
(moles/mg cell protein/ 
minute) 


(mM) Potassium Replacement 

156.3 0 0.41 + 0.04 
86.3 70 mM Cholinet Oro 10704 
86.3 70 mM Lit 0.40 + 0.03 
86.3 70 mM Trist 0.38 + 0.04 
S63 140 mM Mannitol OF 53—= 0204 
86.3 70 mM Na’ a.08 £ O30 


Iodide influx was measured in 6-day old TSH-grown thyroid cells by 


methods previously described (Fig. 4.2). 


The cells were incubated in 


"all-K" media (see text), or in similar media in which a part of the K 


had been replaced by various substituents. 


the media was 1.0 x 107° M. 


*Mean of 5-6 determinations + SEM. 


The iodide concentration of 
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TABLE 5.2 


The Effect of Na’ Replacement from the External Media 
on the Rate of Iodide Influx into Thyroid Cells 





Composition of External Medium TOdTieeTa rine TOL 


(moles/mg cell protein/ 





Concentration of Nat 


(mM) Sodium Replacement minute) 
151.5 0 22.3 + 2.4 
81.5 70 mM Kt 5.9 + 0.5 
81.5 70 mM Choline 10.9 + 0.8 
81.5 70 mM Lit 105254" 0"9 
81.5 70 mM Tris? 10.8 + 1.2 
SL 140 mM Mannitol Elle? Dewi sl Bhd 


Iodide influx was measured in 6-day old TSH-grown thyroid cells by 
methods described previously (Fig. 4.2). The incubation media employed 
were KRP modified as indicated above. The iodide concentration of the 
media was 1.0 x 107° M. 


*Mean of 5-6 determinations + SEM. 
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‘ : ieee , 
151.5 mM to 81.5 m™ by substitution of Na with other substituents. 
peat aan capes or : 
The results indicated that Li , Choline , tris or mannitol could not 
: ; : si me ; 
substitute in a functional way for Na . The similarity of the results 
obtained among each of the substituents also suggested that none of 
them was specifically inhibitory to iodide influx. In contrast, when 
as , nt ASE : 
K was uSed to substitute for Na , the measured iodide influx was lower 
than that obtained with the other substituents. This suggested that 
ae og . PO cee Lar ert: ; 
K might have a specific inhibitory effect on iodide influx when present 
in high concentrations in the incubation medium. 
4. Variation of Thyroidal Iodide Influx with the Concentration 
eecigies é 
of Na in the Medium 
Fig. 5.2 illustrates the values of iodide influx measured for 
; ‘ : : : ; = ; 
thyroid cells which were incubated in media with Na concentrations 
varying from 0-151.5 mM. The iodide concentration of the incubation 
media was constant at 1.0 x 10 ° M. The media employed were KRP 
solutions in which choline chloride was used to replace NaCl to the 
Sr ; 3 p 
desired extent. When a Na -—free medium was required, the tris-choline 
used was prepared from choline chloride instead of NaCl. Since the 
results described in sections (3) and (4) above showed that the use of 
tris-HCl resulted in no specific stimulation or inhibition of iodide 
influx, the use of this medium in the present section was considered 
justified. 
; : nF / 
As may be seen in Fig. 5.2, the absence of Na resulted in 
‘ ; : ; ae 
the complete abolition of iodide influx into thyroid cells. As the Na 
concentration was increased from 0 to 151.5 mM, the rate of iodide 
2 ar 
influx rose in a rectilinear fashion. Higher concentrations of Na 
were not tested since these would have led invariably to unacceptably 


high osmolalities. However, it is possible that thyroidal iodide 


AS ae ; a0 , 
Figure 5.2. The effect of variations in the Na —concentration of the 
external medium on iodide influx into thyroid cells. 


Iodide influx was measured in 5-day-old TSH-grown thyroid cells by methods 
described previously (Fige4.2). The incubation media employed were 
modified KRP solutions in which a part of the Na’ of the medium had been 
replaced by choline™ to yield the Na*-concentration shown. The iodide 
concentration of all media was 1.0 x 1075 M. Iodide influx, expressed in 
units of moles per mg cell protein per minute, is represented in the 
ordinate. Each result is the mean of 5-6 determination + SEM. 


IODIDE’ INFLUX (x 10") 
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influx may attain saturation at higher Na™ concentrations than those 
studied in these experiments. 
a Kinetics of Thyroidal Iodide Influx in Low-Na? Media 

The kinetic parameters, i and V,,, of ifodide influx were 
determined as described in Chapter IV using substituted KRP media with 
Na” concentrations of 40, 70 and 100 mM, respectively; choline chloride 
was used as the substitution for NaCl in these media. The results are 
summarized in Table 5.3 and are shown in a schematic form in Fig. 5.3. 
It was evident that the V, values were relatively constant for each of 
the different solutions. However, the K, values increased progressively 
as the ou concentration of the medium was lowered from 151.5 mM to 
40 mM. 
D. Discussion 


i} The Role of Na in Thyroidal Iodide Influx 


The results of the experiments described in this section have 
seen a stimulatory role for Na’ in thyroidal iodide influx. This 
stimulatory effect of sodium on iodide influx was specific, since none 
of the other Airy Sea examined, whether monovalent cations or 
neutral solutes, could replace Nat effectively. The similarity in the 
influx values obtained when Naw was substituted by Trier holiness: tris’ 
or mannitol showed that none of these agents had a specific stimulatory 
or inhibitory action. The results obtained with eee were of interest 
in view of its stimulatory rolelin other transport systems, where it 
apparently can partly mimic the role of Na’ (Bihler and Adamic, 1967). 

Theoretically, the rece of Nat on iodide influx might be 


Ep ae ; } 
exerted in several ways. If Na participated directly in the transport 


: Tally 
of iodide across the cell membrane, this might involve Na in the 
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TABLE 5.3 


Variation of the Kinetic Parameters of Iodide Influx into 
Thyroid Cells with Changes in the Extracellular Na" Concentration 


Vm 


Nat Concentration of (moles/mg cell protein/ Km 
External Medium (mM) minute x 1o!!) (moles x 10°) 
1 40 al 93.4 ik 14.0 
2 7050 Ze 12,3 
2 6252 oe a ee 
2 70 1 61.8 th Be24 
ws Sura. Z 7s02 
3 88.0 5 6.64 
3 100 uh 763 Le 4.84 
2: 58.0 2 5.40 
OF 91.6 3} 5.36 
Lege 5 185 © ieee 873 1 Dve 
Da 6057 2 3233 
3h 93.6 3 3.64 


Each horizontal line represents the results of a single experiment 
using 5-day old thyroid cell cultures grown in the presence of TSH. 


*Results obtained in experiments in which thyroid cells were incubated 
in 151.5 mM Nat-media (unmodified KRP) have been reproduced from 
Table 4.1. 


Figure 5.3. Schematic Lineweaver-Burk plots of iodide influx as a 
function of the iodide concentration of media containing 
varying concentrations of Nat. 


The plots were constructed using mean K, and corresponding mean Vp 
values from the data in Table 5.3. . The intercept on the X-axis for 
each line is the negative reciprocal of the mean K, value. The inter- 
cept on the Y-axis is the reciprocal of the corresponding mean V,, 
value. The four schematic lines were drawn so that each passed through 
the two corresponding points of interception. 
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formation of a meena naan intermediate in the influx step, perhaps with 
Nan as part of the complex itself. On the other hand, an indirect role 
of Ye might be of several types. One possibility is that Na’ exerts 
an influence on the linking of some cellular energy yielding reaction 
to the influx step. An action of Na’ on the cell membrane altering its 
structural characteristics so as to make the transport sites more 
accessible to the substrate, is another possibility. 

Many of the data suggest, but do not prove, a direct 
participation of Na’ in the influx process. Thus iodide influx was 
abolished when Na’ was totally absent from the medium, and then increased 
in direct proportion to the concentration of added Na’ over the 
physiological range (i.e., up to 151.5 mM). Moreover, the kinetics 
of iodide influx were found to be such that the effect of removing Nail 
from the medium was equivalent to that of addition of a competitive 
inhibitor of iodide influx to the system. All these findings strongly 
suggest that Nay is involved in the formation of an intermediate 
required for the influx of iodide into thyroid cells. 

| Increasing the Na* concentration in the extracellular medium 
has been reported to affect the kinetics of Nagecnnendene transport of 
various solutes in a number of different ways. These effects can be 
classified in a general way as follows: 
(i) <A decrease in Kn but no change in Vy. Such effects have 

been seen, for example, in alanine transport in rabbit 

ileum (Curran et al, 1967). 

(ii) An increase in Vy with minimal effect on K,, seen, for 
example, in 3-methyl glucose transport in rabbit ileum 


(Goldner et al, 1969). 
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CLip)eer biphasic response, as seen in a-amino isobutyric acid 
transport in a marine pseudomonad (Wong et al, 1969). In this 
organism, an increase in the Na’ concentration from 0 to 50 m™ 
resulted in a decrease in K, but no change in Sea At Na* 
concentrations of 50 to 200 mM, however, the K, remained 
essentially constant while the V, continued to increase. 

The authors ascribed the latter phase to a modification of the 
porosity of the cytoplasmic membrane by Na’ in such a way as 
to reduce the rate of leakage of the substrate from the cells. 
(iv) A decrease in Kn as well as an increase in Nie as seen in 
glycine transport in rabbit retinculocytes (Wheeler and 
Christensen, 1967b). 
(v) No change in Ky but a decrease of V,,, as reported for lysine 
transport in rabbit alveolar macrophages (Tsan and Berlin, 
Pe Oe lieth s. st cuatton, Nat exerted an inhibitory role on 
the transport process. 
It is clear the effect of Nat on iodide influx as observed 
in the present investigation falls in the first category. The 
implications of such changes in these kinetic parameters are discussed 
fully in the concluding chapter of this thesis in which a theoretical 
model for thyroidal iodide transport is proposed. 
1p The Role of Ce in Thyroidal Iodide Influx 
The effect of external Kr on transport processes that are 
eee eee is complex and as yet incompletely resolved. In low 
concentration, ae seems to exert a stimulatory effect on these processes, 
and in the complete absence of r. transport is inhibited. This effect 


has been reported in cases such as glucose absorption by guinea pig 
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small intestine (Riklis and Quastel, 1958) and amino acid accumulation 
by ascites cell (Riggs et al, 1958); in both situations the cellular 
accumulation of solute was depressed in a epee medium. An increase 
in the Kr concentration of the external medium led to an increase in 
net accumulation of solute which continued until an optimal ee 
concentration had been reached (generally 4-15 mM). Similar results 
were reported for iodide accumulation by thyroid slices (Wolff and 
Maurey, 1961). In that system the half maximal stimulation of net 
accumulation of iodide was found to occur at an external a 
concentration of 0.9-2.9 mM. 

Various explanations have been advanced to explain the effects 
of low external a concentration on solute transport. For example, an 
optimal intracellular Kr concentration may be necessary for the function 
of many energy-producing, enzymatic metabolic reactions (Ussing et al, 
1960). A depletion of intracellular rain as a result of low external ae 
may thus have non-specific effects on transport processes that require 
metabolic energy. Also, a low external oe concentration may inhibit 
the cellular exchange of intracellular re for extracellular KT that is 
mediated by the "Na pump" or membrane ATPase. This in turn may lead to 
a rise in the intracellular concentration of Na’ with a consequent increase 
in solute efflux. Eddy et al (1967) reported that glycine uptake by 
ascites cells was diminished in a K’-free external medium and that 
this was due to an increase in glycine efflux, the rate of influx 
remaining unchanged. 

On the other hand, Kr fa higher concentrations generally has 
been found to cause an inhibition of influx in et edependent processes, 


as was the case in the present investigation. This may be the result 
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of a direct competition between Kr and Na* in the Nal “dependent 
transport system as has been suggested by the data of several 
investieators (e.g., Eddy et al, 1967; Crane et al, 1965). An 
alternative explanation for the inhibitory effect of high concentrations 
of Kt may be that these cause non-specific cellular changes which 
interfere with solute transport. For example, many cells are known 
to swell markedly in wie solutions. This swelling could lead to 
alterations in membrane function and to a non-specific inhibition of 
transport processes. 

Finally, if solute efflux is also Nin avalon: (see Chapter 
VI), it is possible that the normal high concentration of intracellular 
ee see inhibit the efflux reaction by competing with intracellular None 
Such lowering of efflux rate, which could also be achieved by a low 
intracellular Nal concentration, would serve to increase the net 
accumulation of solute. In such a way, the high intracellular K" 
concentration typical of normal cells may play a stimulatory role in 


the overall process of solute uptake. 
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CHAPTER VI 
INFLUENCE OF NAT ON IODIDE EFFLUX FROM CULTURED THYROID CELLS 
A. Introduction 

Studies on the effect of Nat on iodide influx into cultured 
thyroid cells, described in the previous chapter, suggested that Nat 
may be involved in some step or steps of the influx process. However, 
such a conclusion could not be considered as unequivocal on the basis 
of the experimental evidence that had been obtained at that point. 
Further information on the role of Nat in iodide transport was then 
sought by means of a study of the influence of Na? on iodide efflux 
from cultured thyroid cells. These studies were considered to be of 
particular relevance as solute efflux has often been thought to occur 
by a process of retrograde influx, i.e., influx and efflux reactions 
that were symmetrical but oppositely directed. Such symmetrical kinetic 
models have been proposed for alanine transport in rabbit ileum 
(Curran et al, 1967), glycine uptake by pigeon erythrocytes (Vidaver 
and Shepherd, 1968), sugar uptake by rabbit ileum (Goldner et al, 1969) 
and a number of other transport systems. 

The efflux measurements that are described in this section 
were carried out by determining the rate of loss cf radioactive tracer 
from thyroid cells, preloaded with 131}_iodide, to an appropriate 
external medium which contained no tracer. By keeping the volume of the 
external medium large in comparison to the volume of the cells, the 
concentration of tracer in the medium remained relatively low throughout 
each experiment. Under such pondieienes: recycling of the tracer (1.é., 
re-entry of !3!I from the medium back into the cells) should occur to 
a negligible extent, and the rate of loss of tracer from the cells would 


closely approximate the rate of iodide efflux. 
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The concentration of nae could, in principle, be varied 
either on the cis (intracellular) or trans (extracellular) side of the 
cell membrane in order to study its effect on iodide Soi Fhin, It is 
quite difficult, however, to vary intracellular Nat concentrations in 
a predictable manner. In addition, the volume average intracellular 
Nat concentrations, as measured by standard analytical techniques, do 
not measure the effective intracellular Na’ activities on the inner side 
of the cell membrane. This is due to the considerable lack of 
homogeneity of distribution of intracellular Nat as a result of factors 
such as intracellular binding (McLaughlin and Hinke, 1966; Cope, 1967) 
and higher Na -concentration in nuclei (Zadunaisky et al, 1968). A 
study of the effect of intracellular Nat concentration on iodide efflux 
would be difficult to interpret for these reasons and thus was not 
undertaken. 

In contrast, studies which would determine the effect of 
extracellular Na’ on iodide efflux could be carried out with media 
having well defined compositions. Initial studies were undertaken to 
investigate the trans-concentration effects of Na’ on iodide efflux. 
Further experiments were then carried out to determine how such effects 
could be modified by various reagents known to affect iodide transport. 
B. Materials and Methods 

Tecelis 

Five-to 6-day old thyroid cells grown on coverslips in the 
presence of 70 milliunits/ml of TSH’ as described in Chapter II were 
used. 

ae Incubation Media 
The two Tris media described in the previous chapter were 


used, i.e., either Tris-Na or Tris-choline (in which choline chloride 
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replaced NaCl completely). 
a Efflux Exper inents 

Monolayers of bovine thyroid cells on glass coverslips were 
incubated for 30 minutes at 37°C with 5 x 10° M Nal solution in Tris- 
Na medium containing 10 uCi/ml of 13ly, Following sneer incubation 
each coverslip was rinsed in 0.9% NaCl solution, as described before 
(Chapter III), and was then transferred to a 50 ml capacity beaker 
containing 10 ml of an appropriate medium. This marked the beginning 
of the efflux experiment proper in which incubation of the thyroid 
cells was continued at 37°C with gentle shaking in a Dubnoff metabolic 
shaking incubator. One-ml aliquots of the medium were removed at 
intervals of 5 or 10 minutes for up to 60 minutes and counted for 
radioactivity in a well-type scintillation counter. The residual 
radioactivity of the cells at the end of the experiment was determined 
by counting each coverslip after it was rinsed as above. From these 
measurements it was possible to estimate by calculation the amount of 
radioactive tracer in the cells at any of the experimental time 
intervals as well as the total amount of tracer in the cells at the 
beginning of the efflux experiment. The rate of iodide efflux from the 
cells was calculated from these data as described below. 

In some cases, the experiment was carried out as described 
above for an initial period of 15 to-20 minutes in a control medium to 
determine a baseline rate of iodide efflux. The reagent to be tested 
was then added to the medium in a volume of 1 ml at an appropriate 
concentration so as to yield the desired final concentration on 


dilution by the medium (1 x 10 + M for I , C10, , CNS and 2,4- 


‘A 


ied 


dinitrophenol; 5 x 10 ° M for ouabain, 10 mM for CN ). The experiment 


was then continued to determine the efflux rate of iodide in the 
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presence of the added reagent. 

A second modification of the procedure was followed in some 
instances. After initial efflux measurements had been made by incubation 
of thyroid cells in one medium for 20 minutes, the coverslip was 
transferred, after draining, to a second beaker (50 ml pee et) 
containing 10 ml of a medium of different composition. The remaining 
efflux measurements were made in the new medium in the usual manner. 

The efflux data were plotted to show the efflux rate both in the first 
medium (the initial part of the plot) and in the second (the latter part 
of the plot). | 

To demonstrate the absence of significant tracer recycling 
in these experiments (re-entry of 131T from the medium into the cells), 
a coverslip bearing thyroid cells was incubated for 30 minutes with 
5 x 107° M Nal without the addition of tracer. This control coverslip 
was then incubated in the same beaker in parallel with a test coverslip 
under the usual conditions of an efflux experiment. At the end of a 
60-minute incubation period, the radioactivity of the control coverslip 
was found to be no more than 10% of the final radioactivity of the 
test coverslip, which itself was less than 0.1% of the. total amount of 
tracer present in the control cells at the beginning of the efflux 
experiment. These results indicated that the re-entry of tracer from 
the medium into the cells did not oceur to any significant extent 
under the present experimental conditions. An analysis of the shape 
of the efflux plots which will be discussed below, led to the same 
conclusion. 

A possible complication of the experimental procedure followed 
would be the occurrence of significant desquamation of cells from the 


coverslip to the medium. Such cells would remain in suspension and 
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would be withdrawn as part of the aliquots taken from the incubation 
media for counting, thus introducing errors in the experiment. To 
investigate this possibility, the residual medium obtained at the end 
of an efflux experiment was examined microscopically after centrifugation. 
No cells or cellular debris were detected in such preparations. 
Furthermore, microscopic examination of the coverslip at the end of 
the experiment showed the monolayer to be generally intact, confirming 
that no significant desquamation of cells from the coverslip occurred 
during the experiment. 

A. Expression of Results 

Peechbee tare Ow cliluxsOtelocidearromathyroidacells obeys 

first-order kinetics, the outward movement of labelled substrate !3!1 
from the cellular compartment to the unlabelled solution can be 
described, assuming negligible recycling of tracer, by the expression: 


Age 


Be Pc x 
eae iS 





where k is the rate constant for efflux and Si is the amount of tracer 
ie thei ‘cellsowat stime) t. 
Upon integration, 
o* a ee e Kt 
where S, is the amount of tracer in the cells at time zero. 
It follows that, 
* * -kt 
[S (Sey) See 
and 
* * 
it S3/S 20 (e=ae ke 
: * * ° e 
Thus for a first-order process the plot of [S /S, ] against time would 


ko 
be exponential, while the plot of -1n [S /S, ] against time would yield 


a straight line with slope equal to k. 
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Figures 6.1 and 6.2 show these types of plots for data aye 
prper incerta Vie for the efflux of !3!I from thyroid cells in different 
media. The plot of i ten against time (Fig. 6.1) was found to be 
exponential, while the plot of -l1n Hey against time was linear. 
These results suggested that under the conditions of the present 
experiments, tracer efflux from the cells obeyed first-order kinetics. 
Furthermore, a rate constant for the efflux process could be calculated 
from the slopes of the logarithmic plots of the type shown in Fig. 6.2.. 
Accordingly, for each efflux experiment, the values calculated for 
ad Ga mrs | were plotted against time in order to evaluate the rate 
constant, and to determine the manner in which the rate constant varied 
in eee to changes in experimental conditions. 

Cs Results 
Ly Rate of Iodide Efflux from Thyroid Cells 

The rates of efflux of !3!1 from thyroid cells into two 
iodide-free media are plotted in Fig. 6.2. Line A corresponds to Tris- 
Na medium and line B to a Tris- choline medium. The rates in both 
cases were found to be linear over the entire duration of the 
experiment. This suggested the absence of any compartmentalization of 
intracellular iodide, or alternatively, if different iodide compartments 
did exist, suggested that the rate of efflux of iodide into the external 
medium was slower than the rate of exhange of iodide among the various 
compartments, and was therefore rate-limiting. 

From Fig. 6.1 it was apparent that virtually all of the intra- 
cellular iodide was in a diffusible form, available for efflux out of 
the cell. This confirmed the previous finding (Chapter III), that 
organic binding of transported iodide by thyroid cells occurred to a 


negligible extent in the present culture system. 


Pieure. 6. 1% The rate of !31] efflux from thyroid cells. 


Thyroid cells, adherent to a coverslip, were preloaded with 1!3!{-iodide 

by incubating them with 5 x 1075 M NaI and 10 wCi/ml of 1311 for 30 minutes 

at 37°C. After they were washed, the cells were transferred to a beaker 
containing 10 ml of the appropriate medium at 37°C. One ml aliquots of the 
medium were removed at the times indicated on the abscissa. The radioactivity 
of these aliquots, as well as that remaining on the coverslip after 60 
minutes, was measured as described in the text. The ordinate represents 
Taree ratios (see text). 
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Figure 6.2. Rate of !3!] efflux from thyroid cells. 

The plots shown were drawn utilizing the data from the experiments described 
abet Jeske, eye. aks 
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The rectilinear nature of the efflux DlOtCseineti ow 6.) So 
suggested that recycling of tracer from media back into cells occurred 
to a negligible extent under the present conditions. The presence of 
any significant recycling would have made the observed [I°/I. ] ratio 
higher than the asennad value (i.e., that found in the absence of 
iodide re-entry into the cells) and furthermore, if significant 
recycling were occurring, the differences between the experimental and 
theoretical values would have increased with time, as the tracer 
concentration in the medium increased progressively. Such an effect 
would cause the efflux plot to deviate from a straight line and to show 
an increasing downward curvature with time. However, no such curvature 
was Jisaeminic in any of the efflux plots. 

fae ELrectror Na’ on Iodide Efflux from Thyroid Cells 

From Fig. 6.2 it was apparent that the rate of iodide efflux 
from thyroid cells, determined from the slope of the sale. was much 
higher when the external medium was Na’-free. However, a clearer 
demonstration of such effects of Na’ was obtained from another series 
of experiments in which the efflux medium was changed from Tris-Na to 
Tris-choline (or vice versa) after 20 minutes of incubation. Fig. 6.3 
shows the results of one such experiment in which 1317-containing 
thyroid cells were incubated initially in a Tris-Na medium and subsequently 
in a Tris-choline medium. The initial slope of the efflux plot, 
corresponding to efflux of iodide into a Na’ -containing medium, was 0.06 
per minute. On transferring the cells to a Nae tres mediun, ae slope 
sharply increased to 0.11 per aentt es Figure 6.4 shows the results 
from a similar experiment in which a Tris-choline medium was used 
initially followed by a Tris-Na medium. The change to a Na’ -containing 
medium was found to result in a decrease of slope from 0.11 per minute 


to 0.06 per minute. 


Figure 6.3. The effect of Na’-depletion of the external medium on !3!1 


efflux from thyroid cells. 


The measurement of 1311 efflux from thyroid cells was carried out under 
similar conditions to those described in Fig. 6.1 using a Tris-Na medium 
for the first 20 minutes of incubation. After 20 minutes, the coverslip 
was transferred to a second beaker containing 10 ml of Tris-choline medium 
and the experiment continued as before for an additional 40 minutes. 
Aliquots (between 30-60 minutes) were withdrawn from this second medium 
and counted. The radioactivity remaining on the coverslip was counted 
after 60 minutes of incubation. Values of -ln (Bees abe ] are plotted on 
the ordinate. 
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Figure 6.4, The effect of Na’ on !3!t-efflux from thyroid cells. 
The experiment was carried out as described in Fig. 6.3 except that a 
Tris-choline medium was employed for the first 20 minutes of incubation 


after which the cells were transferred to a Tris-Na medium. 
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TABLE 6.1 


Rate Constants for !3!I Efflux from Thyroid Cells 


reer eee 





Bena tial C. Final 
Efflux Efflux D. 4% Change 
rate rate from 
A, Condition =~ (minute!) (minute !) Biutolc 
1. Change from Tris-Na 0706652407003) "0.110. 2.02004 +75 
to Tris-choline 
medium 
2. Change from Tris- GalOsm 50.0045 0.05784) 0.003 -45 
choline to Tris-Na 
medium 
3. Addition of 0.1-mM OF0647 420.002 0.099 + 0.044 +55 
Nal (Tris-Na medium) 
Senddi tion of .O. 1mM 021045 0.004 0710822 0.005 +4 
Nal (Tris-choline 
medium) 
peeendd) tLon sof 0.) omM 0206 a0). 004 0.403 = 0.005 +69 
KC10, (Tris-Na 
medium) 
GemeeAddition o£.0 lL mM (106540 .005 OSL045420-004 - 2 
KC10, (Tris-choline 
ye 
medium) 
ioe AGd1 tion Of 0. 1 mM 0.061 52.0. 5002 OO 2a. O02: +67 
KCNS (Tris-Na 
medium) 
8. Addition of 0.1 m™ 041105 250.004 0.106 + 0.005 -4 
KCNS (Tris-choline 
medium) 





The experiments represented by the data in the top two horizontal rows 
were carried out as described under Fig. 6.3 and 6.4 respectively. The 
other experiments were carried out as described under Fig. 6.1 except 
that after 20 minutes, 1 ml of the appropriate reagent was added to the 
medium to yield, on dilution, the concentrations shown in Column A. The 
method by which the initial (first 20 minutes) and final efflux rates 
were calculated has been described in the text. Each result shown is a 
mean of 5-6 determinations + SEM. 
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Table 6.1 (lines 1 and 2) summarizes the values of efflux rate constants 
obtained in replicate openwaaciets of this type. The results clearly 
demonstrated that the presence of Na? in the external medium was 
inhibitory to iodide efflux from thyroid cells, and that the efflux 
rate ina Nemeeree medium was about 70% higher than in a Tris-Na 
medium (135 mM Na). 

3. Effect of I , Cl0, and CNS on Iodide Efflux from Thyroid Cells 

To determine theseffect/or J 4, C10, ar CNS© son the rate: of 

131T efflux from 131y-containing thyroid cells, experiments similar to 
those described were performed with the test reagent being added to 
the external medium (Tris-Na) after an initial incubation period of 
20 minutes. The final concentration of each test reagent was 1.0 x 107+ M. 
The results of this experiment were of the type oor aay taba. Key syh UND 
addition of iodide to the incubation medium resulted in a sharp increase 
of the rate of !3!I efflux into the medium. Similar results were found 
consistently for each of the test reagents. Table 6.1 (lines 3,5,7) 
summarizes the values of the efflux rate constants obtained in such 
experiments. The results indicated that the addition of ep ClO 


4 


CNS to a Tris-Na medium promptly increased the rate of iodide efflux 


or 


from the cells. Furthermore, the final rate constants calculated for 
the efflux of iodide occurring in the presence of the test reagents 
were similar in magnitude to those observed for cells incubated in Na‘ 
free media. However, as shown in Table 6.1 (lines 4,6,8), addition of 
these reagents (I , clo, , CNS ) to the incubation medium produced no 
change in the values of the ate constants in efflux experiments in 


which the cells were incubated in a Nabetras medium. 
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4. Effect of Cardiac Glycosides and Metabolic Inhibitors on 
Iodide Efflux from Thyroid Cells 


Figure 6.5 (curve A) shows a plot of the results obtained 
during an experiment similar to those described in the previous section 
in which ouabain was added to a Tris-Na efflux medium to a final con- 
centration of 5 x 107° M after an initial incubation period of 15 
minutes. The rate of !31!] efflux from thyroid cells was found to 
increase following the addition of ouabain to the incubation medium. 
The increase began approximately 20 minutes after addition of ouabain, 
not immediately as was typical for the reagents described in the 
previous section. In six replicate experiments the lag period from the 
time of addition of ouabain to the appearance of an increased efflux 
rate was between 20 and 25 minutes. Similar efflux rate plots were 
obtained from the results of experiments in which the external medium 
(Tris-Na) was supplemented with 1.0 x 107+ M NaI from the beginning of 
gnecupation (Fic. 6.5, curve 8). 

In contrast, when the efflux experiment was carried out 
using a Tris-choline medium, the addition of ouabain to the medium 
produced no change in the rate of iodide efflux from the cells, and 
the efflux plot was linear over the entire period of the experiment. 

The effect on iodide efflux of the addition of NaCN or 2,4- 
dinitrophenol to the incubation medium was determined in experiments 
of the same design as those described above. The results from these 
Studies were similar to those obtained with ouabain, both for the 
Tris-Na and Tris-choline media. 

These results indicated that ouabain, CN and 2,4-dinitrophenol 
all were effective in producing an increase in the efflux rate of 


iodide from thyroid cells but only after a lag period of 20-25 minutes. 


HiCuULeNO. The effect of ouabain on !3!]-efflux from thyroid cells. 


The measurement of !3!]-efflux from thyroid cells was carried out as 
described under Fig. 6.1 except that after 15 minutes 1 ml of ouabain was 
added to the medium to yield, on dilution, a concentration of 5 x 107° M. 
The media employed were Tris-Na with (Curve A) or without (Curve B) the 
addition of 1.0 x 107* M Nal. 


Ordinate: Values of -I1n (itaeste ote eae 


O f 
s) 
fa 

reer. / 
= he 
peer j 

ee 7 

I 3 Ye 


Tomo enor 50 
TIME (MINUTES) 


60 





| op 
‘ 
¢ 
1 
t 
— ~ 
fh \ 
QO. tee 
m- ttyrotd a7 
= Oe Lay ie 


ar ) ae a) j 





97 


Furthermore, their stimulatory effects on efflux were observed only if 
the medium contained we 
D. Discuseion 

The kinetics of the process by which iodide exits from the 
thyroid gland have been studied by several investigators both in vtvo 
(Wollman and Reed, 1959; Granner et al, 1962; Tene 1962a; Halmi 
et al, 1963; Granner et al, 1963) and tn vitro (Iff and Willbrandt, 
1963; Scranton and Halmi, 1965). Because these studies have shown | 
that the exit process obeyed first-order kinetics, the methane by 
which iodide leaves the thyroid usually has been postulated as a simple 
diffusion process (Scranton and Halmi, 1965). Wollman and Reed (1959) 
in studies involving rats and mice found that I and SCN increased 
the rate constant of the exit process. The same result was also 
achieved by the prior treatment of the animals with TSH. Scranton 
and Halmi (1965) found that I and C10, increased the exit rate of 
iodide from rat thyroid lobes tm vitro, although they interpreted the 
effect as being secondary to the decrease in iodide influx caused by 
these agents. The same authors reported that ouabain and 2,4- 
dinitrophenol also increased the rate of exit of iodide under similar 
experimental conditions. In an earlier study, Iff and Willbrandt (1963) 
reported the same effect for ouabain and, in addition, made the observation 
that the rate of iodide exit from thyroid tissue was increased when | 
the tissue was incubated in Na’ -deficient media. 

The results obtained in the present study support the 
findings of many of these earlier investigations. Thus it was confirmed 
that the rate of thyroidal iodide efflux followed first-order kinetics. 


The stimulation of iodide exit rate by I: , 3610 CNS , ouabain, NaCN 
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and Oeledind tropheno! was also verified. However, these studies, for 
the first time, have demonstrated the central role played by Na’ in the 
exit process. Iodide efflux from thyroid cells was found to be 
inhibited in the presence of Nat in the incubation medium. Addition of 


I,C10, or CNS to the medium promptly relieved the inhibition and 


4 
increased the rate constant for the efflux process to the same value 
observed when the cells were incubated in Na'-deficient media. The 
addition of ouabain or the metabolic inhibitors to Navecontainine 

media also increased the rate of iodide efflux from thyroid cells but 
only after a lag period; it was probable that ie acted by a 

mechanism different from ike C10, or CNS . It was of special interest 
that all these reagents required the presence of Na’ in the medium in 
order for them to be effective stimulants of iodide efflux. 

The above results cast some doubt on the generally accepted 
hypothesis that thyroidal iodide exit occurs by a process of thermal 
diffusion only. The stimulatory action on iodide efflux of agents that 
have a specific effect on iodide transport such as ees C10, and CNS 
when considered along with the observation that Na’ is required for such 
effects, is difficult to explain by the diffusion hypothesis which makes 
the assumption that changes in the rate. of efflux of iodide from thyroid 
cells are accompanied through appropriate structural changes in the cell 
membrane. The finding that the time course of the stimulatory effect 
of the cardiac glycosides and the metabolic inhibitors differed 
experimentally from that of the active anions as well as the observed 
Wa! —requirenent of the former inhibitors again suggested that the 
mechanism of thyroidal iodide efflux was more complex than could *2 


explained by a simple diffusion process. The present data are much 
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more compatible with a symmetrical carrier-based model of thyroidal 
iodide transport in which iodide efflux would occur by a reversal of 
the influx process. The observed first-order kinetics of the efflux 
process also would be compatible with this hypothesis if the assumption 
is made that the K, of the efflux process is high in comparison to the 
intracellular beet Aisi of iodide attained under the conditions of 
the eetnentse The K, of the efflux process was not determined 
directly in the present studies. However, if iodide efflux is assumed 
to occur in sequences similar to those of iodide influx (as would be 
postulated by a symmetrical carrier-based model) and further, if the 
efflux process is influenced by Nat and Kr in a similar manner to that 
of influx, such a high K, for efflux would be likely. The low 
intracellular concentration of Na~ may, aS in the case of iodide influx 
(Chapter V), result in an increase of Ky: Similarly, the inhibitory 
action of ah as seen for iodide influx (Chapter V), may also contribute 
to such an increase of re Cle cocver flux reaction. 

The design of the present experiments also precluded some of 
the explanations that have been advanced by others to explain the 
action of various reagents found to stimulate iodide exit from thyroid 
cells. For example, Wollman and Reed (1959) proposed that scn , by 
blocking the passage of iodide from the cell to the colloid space, 
raised the concentration of intracellular I and hence secondarily 
increased the diffusion of iodide into the extracellular space. Such 
an explanation for the action of SCN” clearly would be untenable in the 
present system in which the thyroid cells had no follicular arrangement. 
Similarly the hypothesis (Scranton and Halmi, 1965) that C10, and I 
depress the re-entry of tracer iodide into thyroid cells in vitro, 


thus artefactually increasing the measured tracer efflux, also would be 
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unlikely to account for the experimental results obtained in the present 
system where recycling of iodide has been shown to be negligible. 

The results described in this section have demonstrated the 
trans-concentration effects of Na’ on thyroidal iodide efflux and have 
provided further evidence of the importance of Naw to the whole process 
of thyroidal iodide transport. Such trans-effects of Na’ on solute 
efflux also have been observed in at least one other transport system 
(Vidaver and Shepherd, 1968). The finding of such effects during the 
investigation of solute transport is significant, not only because it 
provides a ready explanation for the observed results on the basis of 
a mobile carrier hypothesis, but also because it limits the number of 
possible carrier models of transport that may be considered. The 
observed effects of Nat on iodide efflux, when considered with the 
observations made earlier on the effect of Nak on iodide influx, have 
permitted the formulation of a unique carrier model for thyroidal 
iodide transport which will be discussed in the next chapter. The 
mechanism by which the various inhibitors of iodide transport stimulate 
iodide efflux in the presence of Na’ will be discussed in the light of 


this model. 
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CHAPTER VII 
A KINETIC MODEL FOR THYROIDAL IODIDE TRANSPORT 
A number of different models for thyroidal iodide transport 
have been proposed in an attempt to organize the available data on 
the subject (Wollman, 1962; Wollman and Reed, 1959, 1962). Most of the 
models have been based on the assumption that a carrier was involved 
in the transport process. Since many of the data had been obtained in 
experiments involving the intact thyroid gland, these models included 
the concept of various iodide compartments in the gland. Thus two- 
compartment (blood, thyroid eat) and three-compartment (blood, thyroid 
cell, colloid space) models have been proposed. The present investigation 
has utilized a different experimental approach to the study of thyroidal 
iodide transport, that of a system of thyroid cells in nonetaver 
culture. The data obtained with this system have provided new 
information regarding the sodium dependence of the transport process. 
Therefore, a modified model for iodide transport was required which 
would include sodium. The question of iodide compartmentalization was 
clearly not relevant to the present system due to its organizational 
simplicity; this reduced the complexity of the model considerably. 
Before a new transport model could be formulated, the 

experimental data, which had to be explained satisfactorily by the 
model, were reviewed. 
Iodide Influx 

if Influx of iodide into the thyroid cells had a specific and 
absolute requirement for Nat (pp. 69,73). 

ans The influx of iodide that occurred in the presence of 2 


constant iodide concentration of the medium was directly proportional 
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to the first power of Na‘-concentration of the medium (p. 73). 

Si. When the concentration of Na* in the external medium was 
Stein, iodide influx followed Michaelis-Menten kinetics as a 
function of iodide concentration (p. 55). 

4, Na’-depletion of the external medium resulted in an increase 
in the apparent K, of the influx process but in no change in the maximum 
velocity of the process (p. 75). 

Iodide Efflux 

Te The rate of efflux of iodide from thyroid cells was highest 
in Na‘-free external media. Efflux was inhibited by the addition of 
Neu to the media (p. 90). 

Pa | Iodide, perchlorate and thiocyanate ions promptly and 
completely abolished the inhibitory effects of Na’ on iodide efflux. 
Ouabain, NaCN and 2,4-dinitrophenol also completely reversed the 
inhibitory effect of Na’ but acted only after a lag period (pp. 94-95). 

a None of these agents, which reversed Na’ inhibition, further 
increased the efflux rate that occurred in a Na'-free medium (pp. 94-95). 

In addition the model also must satisfy the following general 
criteria: 

ak It must be on a molecular basis and include all the molecular 
species concerned in the transport. 

2% It must account for the binding of substrate to carrier and 
be compatible with the observed specificity of binding. Particular note 
must be taken of the fact that the substrate, during transport, is not 
modified by participation. in covalent linkages, i.e., the interaction 
between the transport system and the permeants (Na’, I ) must involve 


only hydrogen, hydrophobic and electrostatic bonds. 
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ve The model must be consistent with the structure of the cell 
membrane and be physicochemically plausible, i.e., the movements and 
binding abilities of the different species of molecules must be within 
the known capabilities of such species. 

4. The model must be energetically possible, i.e., it should not 
violate the concepts of thermodynamics. 

Some transport models described in the past have proposed that 
either the cell interior (Ling, 1962) or a gel-like layer beneath 
the membrane (Miller, 1960) was responsible for specific transport 
phenomena. Such models have not been considered in the present 
discussion. Instead, in accordance with the more prevalent view, the 
cell membrane has been taken as the diffusion barrier. This concept 
has been supported by the observation that the membrane alone (Hoffman, 
1962), when properly fortified with the required energy sources, can 
transport many substances, and so must be the site of the transport 
process. Finally, the models to be considered in the subsequent 
discussion have all been based on the mobile-carrier hypothesis which 
generally has proved to be a more successful approach to explaining 
coupled transport systems than the various pore models (pp. 3-4). 
A. Models of Iodide Transport 
A general model, which is based on the mobile-carrier hypothesis, 

is shown in Fig. 7.1 for the sodium-coupled thyroidal transport of 
iodide. The model does not restrict the order in which the binding of 
the species occurs, nor does it limit the ee auiet can cross the cell 
membrane. Modified versions of this model, each with certain restrictions 
imposed, are shown in Fig. 7-1 A,B, Gand D. ‘However, all variations 


of the model assume that the translocation steps (and not the association- 
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dissociation reactions of the various complexes) are rate-limiting. 
Such an assumption would seem to be reasonable because translocation 
is the step in which the permeant crosses the lipid barrier. 

When the qualitative aspects alone of the various models A-D 
are considered, it is clear that only model A is consistent with all 
the experimental data summarized earlier in this section. For example, 
Model A would explain the specific and absolute ma requirement of the 
iodide influx process, since in this model the absence of Na* would 
prevent the formation of the C.Na* complex which is the only form of the 
carrier capable of combining with iodide ion. Model D would fail to 
account for these same observations, as it permits formation of a 
Cate eles which could form in total absence of Na’. Translocation 
of this Na'-free species would result in movement of iodide into the 
cell. Model A also would explain why the rate of influx of iodide into 
thyroid cells varies with the first power of the Nas concentration of 
the medium, since only one ion of sodium is postulated to bind to each 
molecule of the carrier. The observations that were made on the 
kinetics of iodide influx, and the change of these kinetic parameters 
that occurred with the Na* depletion of the medium also can be derived 
logically from this model, as will be discussed later (p. 111). The 
data from experiments in which the efflux of iodide from thyroid cells 
was investigated also are consistent with Model A. Thus the inhibitory 
effect of external Nan on the efflux of iodide would be explained in 
this model by the formation, under such conditions, of a C.Na’ complex 
which would be unable to cross the cell membrane. Further in the absence 
of (or its competitive inhibitors, C10, or CNS), the See complex 


=e ies : 
would be unable to form a ternary complex C.Na .I . Thus a proportion 


Figure 7.1. A general kinetic model for thyroidal iodide transport 
and four variant forms of the model (A to D). 


; ; ; ar - 
The carrier molecule, C, can combine with extracellular Na or I to 


form the binary complexes CsNasor eC. | ere C.Nat and C.I7 complexes 
can, in turn, combine with I and Nat res ectively from the external 
solution to form the ternary complex C.Na .l). The free and complexed 


carriers are capable of translocation across the membrane at rates 
Pie op Cece ugdetate limiting step. Dissociation of the complexed 
carriers, which can take place at either surface of the membrane, is 
assumed not to be rate limiting. Perchlorate and thiocyanate ions 
can substitute for I in the above model. 
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of the available carrier would be immobilized in a functionally inactive 
form. This would be equivalent to a reduction in the total amount of 
carrier available to the system and would thus explain the inhibitory 
effect of Na’ depletion. The prompt relief of Thic inhibition that 
occurred by the addition of id, cl0, ; or CNS to the medium again 
would be consistent with Model A. In the presence of these anions, 
the binary complex could combine with the anion to form a ternary complex 
capable of translocation which would thus allow all of the carrier to 
become available once more to the system. None of the other models 
(B, C, D) can explain these observations on the effect of external Nat 
on iodide efflux. Moreover, based on similar lines of reasoning, the 
observation that iodide ion does not modify the rate of iodide efflux 
i a oe are medium is incompatible with model C which would postulate 
such an effect due to the formation of a C.I complex incapable of 
translocation. 

The rate of iodide influx into the thyroid cell would be 
proportional to the concentration of extracellular Na’ according to 
the mechanism postulated by the proposed model (model A). Similarly, 
the rate of efflux would be proportional to the intracellular Nat 
concentration which normally is much lower than the extracellular. 
The influx rate would thus exceed the efflux rate at any given iodide 
concentration and consequently there would be a net accumulation of 
iodide by the thyroid cell. Maintenance of a low intracellular 
concentration of Na’, essential for the active transport of iodide by 
these cells, would be made possible by the function of the wa Ere 
dependent ouabain-sensitive ATPase enzyme. This enzyme is thus 
postulated to play a central role in the active transport of iodide ion 


by the thyroid cells. The role is, however, indirect in that no 
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rece link of the enzyme with the molecular process of iodide transport 
is proposed. 

The observed action of ouabain and the metabolic inhibitors 
on thyroidal iodide transport can now be satisfactorily explained by 
the model. These agents would abolish active Na* extrusion from the 
cell, either by a direct inhibitory action on eK denenioee ATPase, 
as in the case of ouabain, or by cutting off the supply of ATP to the 
Same enzyme, in the case of the metabolic inhibitors. The rate of 
influx of iodide into the cells should not be affected by such an 
effect since no direct link between enzyme activity and the transport 
process is postulated. This is in accord with the observations 
reported earlier (Table 4.2). In the presence of these inhibitors Na”, 
from the external medium, would continue to enter the cell by passive 
diffusion. The concentration of intracellular Na’ would thus gradually 
increase until it approached that of Na’ in the external medium. Such 
a rise in the intracellular Neue concentration, according to the model 
would lead to an increase in the formation of a eee complex 
Peracetigienie and consequently to a rise in the rate of iodide efflux. 
This is in accord with the experimental observations (p. 95). Further, 
when the Na* concentrations on both sides of the membrane eventually 
become equal, the rate of efflux would become equal to that of influx 
and net transport of iodide would cease, again consistent with the 
experimental findings (p. 45). Since the increase in intraceliular 
Na concentration produced by these inhibitors would be slow 
(Wheeler and Christensen, 1967a), the model would predict a lag 
period before efflux would increase, a lag which in fact was found 
in such efflux experiments. The ineffectiveness of these agents in 


stimulating efflux in fenecree media is also readily explained since 
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no increase in intracellular Na* concentration is possible under such 
conditions. 

The action of the known competitive inhibitors of iodide 
transport, e.g., C10, and CNS , may be derived directly from the 
model since they would compete with iodide ion for combination with 
the binary complex. It must be assumed for several reasons that the 
resulting ternary complexes formed with the inhibitors (C.Na’.C10 ~ or 


he 
aa —_ 
C.Na -CNS ) are capable of translocation. In the first place, C10 


4 


ion is known to be concentrated by thyroid tissue (Anbar et atl, 1959). 
Secondly, although CNS does not accumulate in thyroid tissue probably 
because the transported CNS is rapidly metabolized (Maloof and Soodak, 
1964) it is concentrated by salivary glands and agit iodide-concentrating 
tissues. Finally, if the proposed ternary complexes were incapable 

of translocation as was Canaan the efflux of iodide observed in the 
presence of C10, or CNS would have been slowed progressively and 

finally halted as all the available carrier became converted to these 
forms. 

The model does not make any assumptions about the relative 
rates of translocation of the free carrier and the ternary complex. 
However. these must be nearly equal because the rates of iodide 
efflux that occurred in aNa‘*-free medium and in a Nav cornea aime medium 
in the presence of I (or C10, or CNS ) were approximately the same. 
An examination of the model shows that in the former situation, the 
return of the carrier from the outside of the membrane to the inside 
would be accomplished by translocation of the free carrier. In the 
latter situation, ets the return of the carrier to the inside 


of the cell membrane would take place largely through translocation of 
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the ternary complex. Since the efflux rates were not found to be 
appreciably different in the two situations, the translocation rates 
of the free carrier and the ternary complex must be nearly equal. 

Mention should be made at this point of several aspects of 
the model which could not be verified experimentally using the present 
monolayer culture system. First, as a result of translocation of the 
ternary complex, there should be entry into the cell of an ion of Na’ 
for every ion of Il .* This Na* would be in addition to that which enters 
the cell by other pathways. Thus iodide influx should increase Na” 
influx into the cell; the relative increments of the two ions should 
be in a 1:1 molar ratio. However, the amount of iodide transport into 
the thyroid cell is of an order of magnitude smaller than that associated 
with the basal influx of Nav occurring in the absence of any I influx. 
Therefore, the percentage change in Na’ influx from the basal level that 
would be produced by a concomitant transport of iodide into the cell 
would be very small (less than 1% of the total) and would be quite 
difficult to detect. Nevertheless, an attempt was made to demonstrate 
this predicted increase in thyroidal Na? influx by the measurement of 
Na’ influx with and without the addition of 1.0 x 107+ M iodide to the 
incubation medium. **Na was added to the system as a tracer to detect 
accumulation of Na* by the thyroid cells. As anticipated, no significant 
difference in Na* accumulation was observed between the control and the 
iodide-supplemented cells. The demonstration of such an effect must 
await a different and much more sensitive experimental approach to 
the subject. 

The second deduction from the model that could not be 
demonstrated experimentally was the stimulation of iodide influx that 


would be expected to occur following a preloading of the cells with 
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iodide. In the absence of intracellular iodide, a certain proportion 
of the carrier on the inner face of the membrane would form the C.Na* 
complex through a combination with intracellular Na’. Since the 
complex is not capable of translocation, a proportion of the carrier 
would become unavailable to the system. However, in cells preloaded 
with iodide the binary complex should go on to form the ternary complex, 
which can cross the membrane, and permit all of the carrier to become 
available for the influx process. Hence, on the basis of this model, 
influx in cells that had been preloaded with iodide should be higher 
than that occurring in untreated cells. However, as the results of 
Table 4.2 (Chapter IV) show, no difference was found experimentally 
between the two groups. Since in animal cells the intracellular Nay 
concentration can be assumed to be low (about 15-20 mM) and because the 
dissociation constant of the binary complex is relatively high (vide 
infra), the absolute amount of the binary complex formed intracellularly 
in the absence of iodide preloading must be quite small. This perhaps 
explains the failure to detect any significant lowering of the rate of 
iodide influx in cells that had not been preloaded with iodide as 
compared to those that had. 
By The Kinetics of the Iodide Transport Model 

A simple kinetic analysis is possible for carrier-based models 
of co-transport (Stein, 1967, p. 192). For the purpose of a discussion 
of the kinetics of iodide transport, the model shown in Fig. 7.2 has 
been considered. This diagram is the same as that for model A except 
that the rate constants for the various chemical reactions have been 
added. 


For the reactions occurring at the external surface of the 


Ficures/. 2. 


A kinetic model for thyroidal iodide transport based on an interaction of 
Nat and I7 with carrier C (during transport). 


ky, ko etc. = rate constants 


P = rate constant for translocation 
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cell membrane the following equilibria may be written: 


k 
c+ Nay SONA eee eee 
—1 
C Na’ + 2 Eee 
-o2 
Le K, and Ky are the dissociation constants of the binary and 
ternary complexes respectively, then Kj = 2 and K9 = = 


Application of the conservation equation to these equilibria 
yields the result: 
Mom G = Ci+*C.Naleh CiNal sie...) (3) 
where Tot C = total amount of carrier in the membrane. 
Finally, if P is the rate constant for the translocation 
reaction (for Cina’ T= )s the rate of unidirectional inward flux will 
be Px fo Na Tae 


From equilibria (1) and (2) 
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Substituting the expressions C and C.Na derived from equations (4) 


and (5) in equation (3), and rearranging, 





[C.Na’.I] = meee 
Ky “" [Nat] = 
PES er 


Rate of influx is then given by: 


Px ltotee) (i =| 
oe [Nat] 
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This expression predicts a kinetic behaviour of the Michaelis- 
Menten type for the iodide influx reaction with respect to variation 
of I concentration with 


V a (naximumeve locity) =sb x Totic. ..-.< (0) 


ma 
niet NT [Nat] 
and k= Sree a er OP) 


where K, is defined as the substrate concentration at which one-half 
of the maximum velocity is reached. 

The prediction of a saturation kinetics for the iodide influx 
process with respect to iodide concentration has been verified 
experimentally (Chapter IV). Equation (6) predicts that the maximum 
velocity Seti be independent of the Na’ concentration of the external 
medium but should depend on both the total amount of carrier present 
in the system and the rate of translocation of the ternary complex. 
This is in accord with the experimental results obtained in Chapter V. 

Equation (7) predicts that the apparent K, for iodide influx 
should increase as the Nas concentration of the medium is decreased. 
This again is in agreement with the experimental results (Table 5.3). 

Equation (7) can be rewritten as 

K = Ky Ky 


m7 —Paady t Kareeeteeeeeeeeee eee) 


Thus a plot of K, vs 1/[Nat]should yield a straight line. Figure 7.3 
shows that the plot of the experimental data was reasonably linear. 
By equation (8) this plot should have a slope equal to KjK9 and an 
intercept equal to Kj. From Fig. 7.3, Ky was found to be 1.63 moles 


per liter and K, to be 0.3 x 107° moles per liter. This high value of 


2 


Kj would explain why the plot of iodide influx against extracellular Nat 


concentration for a constant iodide concentration did not show evidence 


BLCUECI Vi. The variation of Km for iodide influx into thyroid cells as 
a function of the concentration of Nat in the incubation 
medium. 


The mean values of Km, obtained from Tables 4.1 and D3, areeplottedson 
the ordinate. The reciprocals of the corresponding Nat concentration 
(in moles) of the external media are plotted on the abscissa. 
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of saturation over a range of Na concentrations 0° -"151.5 mM.» (Fig. 
5.2). Again it also is apparent from the values calculated for Ky 
and Ky that Na ‘\-binding would result in an intermediate which could 
avidly bind I”, the reaction being virtually complete even at a very 
low concentration of iodide. Such a system would be eminently suitable 
from a functional standpoint for the cellular concentration of an ion 
such as iodide which is distributed in nature only in trace amounts. 

The effect of TSH on the kinetics of iodide transport now 
can be considered in the light of this kinetic model.’ It was observed 
before (Chapter IV) that the rate of iodide influx into TSH-grown cells 
was characterized by a higher value for Vmax than that of control thyroid 
cells, but the rates observed in both systems were found to have similar 
K, values. From equation (6) it is seen that an increase in lteege 
could be achieved either by an increase in the total enzyme concentration 
of the system or by an increase in the rate of translocation of the 
complex across the membrane (without any change in the enzyme content), 
or or perhaps by a combination of the two. Each of these possible 
mechanisms could be considered in relation to the mode of action of 
TSH. However, Knopp et al (1970) have shown that the acute stimulatory 
action of TSH on iodide influx in freshly isolated dispersed thyroid 
cells is abolished by actinomycin D or cycloheximide. This observation 
would suggest that TSH probably acts.by increasing the total amount of 
the carrier or transport molecule in the cell membrane. Additional 


experimental work would be required to confirm this. 


C. ' Furthér Consideration 


The model shown in Fig. 7.2 depicts active iodide transport 


+ ; 
as a Na -coupled transport system. Contrary to the current hypothesis, 
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this model does not consider iodide efflux as passive diffusion, but 
regards it instead as a carrier-mediated process. The transport 

System is postulated to be bidirectional so that, if the asymmetry of 
Nat distribution across the cell membrane became abolished in some way, 
it would then behave as a facilitated diffusion system. In the present 
model, as in other systems which have been explained by a sodium gradient 
hypothesis, Na” coupling has the effect of linking iodide transport to 
the active Na” transport system. The result is net transport of iodide 
against an electrochemical gradient. Some (Kedem, 1961) have suggested 
that the term, active transport, should be reserved to describe flows 
which are directly coupled to chemical reactions. If this concept were 
followed, then all ip exeuiplias transport phenomena would be removed 

from the category of active transport; in that case some reclassification 
(e.g., "secondary active transport") would become necessary. 

According to the present model, the Na’ gradient that is main- 
tained between the inside and outside of the cell contributes to the 
energy requirements of the coupled thyroidal iodide transport system. 
However, on the basis of the present experimental data it is not known 
whether the Na’ gradient alone is sufficient to account for all the 
energy requirements of the process. Other asymmetries across the cell 
membrane also may contribute to this energy requirement. In particular, 
the well-known KY asymmetry across cell membranes should merit 
consideration in this respect. Thus in view of the inhibitory action 
of Kr on many Na setimlared processes, a high intracellular ma 
concentration may act synergistically with a low intracellular Wat 
concentration in promoting accumulation of substrate (Kipnis, 1965). 


+ 
Another form of cellular asymmetry, whose role in Na -dependent processes 
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is poorly understood, is the electrical potential difference across the 
membrane. This potential could affect the rate of translocation of 
charged complexes across the membrane, especially if such processes 
were diffusional. Further, by altering the concentration profile of 
Na’ within the thickness of the membrane, the electrical potential 
could affect the interaction between Na” and aieeaa ees ters process, 

The binding of ea and I proposed by the model under 
discussion is consistent with a carrier which possesses two separate 
sites for binding to these ions. It also follows from the model that 
when te combines with the carrier, the resulting complex has the ability 
to bind Ligh a property not possessed by the free carrier. This raises 
the possibility that the binding of Na’ to carrier brings about 
conformational changes in the carrier molecule which changes its 
iodide-binding properties, a phenomenon reminiscent of vallosteric!! 
changes in an enzyme molecule (Monod et Gt, 11965). The Newtendine also 
could involve coulombic interaction of Nat with an anionic group in the 
carrier molecule, which, by neutralizing the negative group, would make 
I -binding at a nearby site possible. Such coulombic interactions have 
been postulated to explain the transport of cationic amino acids. 

In these systems, which show a relative lack of Na dependences a 
relatively stable binary complex is believed to form with the positively 
charged group on the amino acid serving the role postulated above for 
eae On the other hand, the transport of anionic amino acids which 
displays considerable fa edenendence is thought to involve formation 
of an unstable binary complex with a relatively high dissociation 
constant (Schultz et al, 1970). 

The ultimate goal of the investigation of any membrane 


transport system must be to elucidate the molecular mechanisms underlying 
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the process. Kinetic approaches have great usefulness but they are 
essentially speculative in nature. However, by serving to organize the 
available knowledge in a meaningful way, they stimulate further invest- 
igation at a molecular level. The aim of such research would be to 
identify and characterize the components of the transport system in 
order to achieve an understanding of their binding properties and 
mobilities. In the case of the thyroidal transport system the knowledge 
of the specific substrate binding properties already has been utilized 
to isolate certain phospholipids that bind iodide ion preferentially 
(Vilkki, 1962; Schneider and Wolff, 1965). Utilization of the Na’ 
binding abilities of such transport molecules, in addition to their I 
binding properties, should prove beneficial when new attempts to 
isolate such "carrier" components are made. Again, even before complete 
purification of the transport species is achieved, an investigation of 
the chemical components of the "active centers" of these molecules 
might be possible by means of a detailed study of the inhibitory action 
of chemical reagents possessing defined specificities. This type of 
approach has been frequently successful for defining the nature of 
active centers of enzymes. For example, studies on the inactivation of 
ribonuclease by dinitrofluorobenzene have identified a specific lysine 
residue near the active center of the enzyme (Hirs, 1962). To date no 
such studies have been attempted on the iodide transport system. 
Fidsiay it must be emphasized that no single transport model 
that is proposed can ever be considered final. It exists only as long 
as it remains compatible with the available data. When new 
experimental observations are made which can no longer be accommodated 
within the existing model, the latter must be discarded in favour of a 


new one. A successful model serves a useful function in that it provides 
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a clear conceptional framework on which future research is based. 
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